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Abstract 
Renewable or recycled materials have been widely used in construction materials to 
achieve a sustainable target, such as natural fibre or derivatives used in the 
construction industry. As a kind of short cellulose fibre, a massive amount of waste 
paper fibre was generated from industrial and constructional sections annually. 
However, the research on the waste paper fibre used in concrete or construction 
material to replace the traditional disposal of wasted paper is limited. This project 
aims to establish a systemic method to investigate the influence of waste fibre used 
in concrete blocks and find out the approximate mixed proportion.  
Except for waste paper fibre, raw material used in this study for the concrete block 
include Portland cement, water, hydraulic lime (aims to improve interfacial 
properties of waste paper fibre), aggregates with an appropriate size, and additives. 
By using the response surface method, a set of mixed proportions was obtained 
(water-cement ratio, hydraulic lime to cement ratio, waste paper to cement, and 
aggregate ratio set to be the independent variables), to get a predictive function for 
each property. Further, the validation and optimization of the mixed proportion were 
conducted to meet the requirement of the ASTM standard. In the first stage, the 
influence of different mix ratios on the block's properties was explored based on the 
material performance test results, including density, water absorption, compression 
resistance, softening coefficient, heat transfer performance and microscopic 
structure. The experimental results show that waste paper fibre significantly reduces 
the strength of the block, water absorption and softening coefficient, but the thermal 
insulation performance is improved. In addition, hydraulic lime positively affects the 
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interface between cement and waste paper and improves the block's compressive 
strength. In the second stage, according to the experimental data obtained and the 
material specifications given in the ASTM standard, by establishing and verifying the 
second-order predictive function of the response surface, the design mixed 
proportion that meets the ASTM standard of non-load-bearing block can be found, 
and the volume replacement rate to cement can reach 11.7%. In the third phase, the 
paper block concrete's feasibility and sustainability as a building material were 
demonstrated based on a life cycle assessment (LCA) method through an in-depth 
analysis of its characteristics. The results show that waste paper fibre in concrete 
provides a potential treatment method for replacing waste paper in landfills or 
incineration, especially replacing cement. 
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Chapter 1 Introduction 
1.1 Background 
Human activities that aim to improve living quality generally with energy and 
resources consumption impact the environment both directly and indirectly. 
Nevertheless, environmental carrying capacity is limited and environmental issues 
caused by inappropriate human activities conversely have a negative influence on 
human lives. Due to the dramatic increase in population and industry, environmental 
issues are becoming prominent and pressing. On a global scale, environmental issues 
involve global warming, resource depletion, ozone layer depletion and biodiversity 
degradation. The exceeding emissions and improper disposal would result in air 
pollution, acid rain, water pollution and other environmental issues[1]. 
To balance the conflict between development and the environment, the concept of 
sustainability is proposed and attracts wide attention. The UN World Commission 
firstly reports the relatively thorough concept of sustainable development on 
Environment and Development in 1987. The target of sustainability, which is still 
gradually improving, is required to comprehensively consider the coordination 
between social benefits, economic benefits and environmental benefits[1–3]. 
The sustainable concept is essential in the civil construction sector because it 
consumes a vast amount of energy and resources in fabrication, transportation and 
installation. The civil construction industry occupies 60%-70% of materials flow 
globally, particularly the building sector, which consumes approximately 24% of raw 
materials and 40% of energy worldwide, plays a vital role in human activities thus 
have a tremendous impact on the environment[4–8]. In addition, as a crucial source 
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of greenhouse gas (GHG), about 40%-50% of GHG is attributed to the civil 
construction sector in the worldwide scope [9,10]. For example, the USA's building 
sector is responsible for 40% of total CO2 emission[11].  
There are a lot of advantages of cement-based materials, such as easy assembly and 
shaping, relatively low cost, appropriate mechanical properties and durability[10]; 
thus concrete is the most widely used material in the civil construction field, globally 
the annual per capita production of the concrete is around 1 ton [12]. However, due 
to the high energy consumption and depletion of natural resources in production, 
transport and installation, based on the life cycle assessment (LCA) method, 
traditional concrete is not an eco-friendly product[13–15]. More than 5% of human-
made carbon dioxide emissions are attributed to global concrete production [9]. Fig. 
1 and Fig. 2[7] reported material manufacture process and transport are responsible 
for a majority of GHG emissions in the building sector, where the proportion of GHG 
emissions from concrete and steel is approximately 70%. 
Cement as an essential component of concrete is specially produced and consumed 
in large quantities for civil construction. The cement production globally is increasing 
by 2.5% yearly and reaches up to 2.3 giga-tons (Gt) in 2005 and is estimated to 3.5Gt 
by 2020[16]. The cement production procedures and use are high energy and 
materials intensive industry, with discharging more than 5% of total human-made 
CO2 and massive by-products, such as SO2 and NOx, to the environment[17–20]. The 
process of cement production generates around 0.9 tons of carbon dioxide per 
ton[21]. According to the case study based on LCA, production of 1 ton ordinary 
Portland cement consumes 1.5-1.6 tons of ingredients, over 3000 MJ of fossil fuel 
energy and more than 120 kWh of electricity[17,22]. Consequently, sustainable and 
Chapter 1   Introduction 
3 
 
environmentally friendly strategies are gained more attention in the civil construction 
sector.  
 
Fig. 1 The contribution of indirect GHG emissions [7]. 
 
 
Fig. 2 The contribution of GHG emission generated by initial building materials [7]. 
 
Based on the target of sustainability in the civil construction sector, some criteria 
were established, including reducing the utilization of non-renewable resources, 
efficiently using resources, minimizing pollution, optimizing construction processes 
and a healthy environment[3,23]. As stated above, construction materials are 
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particularly important for the sustainability of the construction sector. Thereby, some 
alternative materials were selected and investigated to reduce the environmental 
footprint of traditional concrete. Alternative materials are mainly achieved from 
recycled construction materials and industrial waste, such as fly ash, Ground 
Granulated Blast Furnace Slag (GGBS), limestone, scrap tires, rice husk ash, wood ash 
and et. al.[24–26]. For instance, by using limestone to replace cement, the reduction 
of CO2 emission can reach up to 25%[27]. Both Flower et al.[28]and O’Brien et 
al.[29]reported that ordinary concrete mixing with fly ash and GGBS can reduce GHG 
emissions by around 15% and 22%, respectively. The alternatives to natural materials 
used in typical concrete can effectively reduce GHG emission further relieve the 
burden of the environment. The main reasons were summarized according to LCA in 
previous literature as following [29–33]: 1) The energy consumption in transport and 
installation was reduced due to the relatively low density of substitutes. 2) The 
disposal of industrial waste is avoided to some extent. The influence of landfill and 
incineration of waste is alleviated. 3) The depletion of natural resources is reduced. 
The dosage of cement and natural aggregates decreases because of adding the 
substitute.  
The waste paper generated in quantity yearly is a potential construction resource. 
The concept of papercrete was proposed in 1928 initially and known as an 
environmental-friendly material due to the utilization of recycled components. 
Papercrete, which was one kind of sustainable construction material composed of 
recycled and re-pulped paper, gets wide attention from the engineering field [34,35].  
On the one hand, papercrete provides a solution to waste paper disposal, comprising 
the most considerable fraction of municipal solid waste [36]. Additionally, the 
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material cost of papercrete ($21.53/m2) was much lower than the cost of both the 
wood-frame structure ($64.58/m2) and concrete construction ($96.88/m2)[34]. 
Papercrete theoretically fulfils sustainability as a high-level requirement in the 
construction industry. The use of sustainable materials with lower energy 
consumption and fewer emissions than traditional construction materials could be 
crucial.  
On the other hand, due to the increase in paper demand, the paper's production 
quantity is also increasing. Meanwhile, the paper recycling rate is increasing annually, 
and however, the rate is not enough for total production. For instance, with massive 
energy consumption, the production and depletion of pulp in China occupied 42.66% 
and 50.64% globally, respectively[37,38]. The recycling rate of waste paper 
remainsed steady in recent years (around 47.5%) in CEPT countries[39]. Therefore, 
waste paper recycling is an essential component of waste management.  
Manufacture processes where the waste paper was re-pulped and re-produced to 
recycled paper had a great negative effect on the environment since the pulp and 
paper industry was an energy-intensive sector, thus waste paper recycling had no 
remarkable environmental benefits, even had higher indirect environmental 
impacts[40,41].  
To sum up, waste paper with a relatively simple treatment can be used as an addition 
or substitute to make papercrete, which is a promising eco-friendly material with 
reasonable cost and favourable properties.  
Some researchers investigate the manifold influence resulted from common lime and 
derivative product used in concrete. Ordinary cement with limestone, namely 
Portland limestone cement (PLC), is being used in several European countries. 
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Through the introduction of limestone, sulphate resistance and workability are 
improved, and bleeding of concrete is modified. In environmental impact, PCL with 
20% of limestone can decrease up to 10% emissions and energy consumption 
compared with ordinary Portland cement (OPC)[42,43]. The early age compressive 
strength and sorptivity are improved by introducing silica fume and lime. Besides, 
compaction presented as permeability is enhanced because hydration of lime fills in 
a tiny void in concrete in Fig. 3[44].  
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Fig. 3 The influence of lime used in concrete on air permeability and sorptivity[44]. 
 
According to relating chemical analysis (x-ray diffraction analysis), the major 
constitution of lime is calcium hydroxide (Ca(OH)2). Therefore pozzolanic material can 
chemically combine with Ca(OH)2, forming C-S-H gel. Previous research indicates the 
replacement ratio of lime in blended cement is from 5% to 10%, and optimized 
performance is achieved with 7% of lime replacement[44–46]. Additionally, the 
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inclusion of lime content can efficiently increase the thermal insulation of concrete. 
Especially, lime is a binder mix with hemp, which is a natural vegetal fibre to 
manufacture hemp-concrete[47,48]. 
The cement production process is a resource and energy-intensive industry, 
substitute of cement is usually used in practice. Lime is relatively cheap and abundant 
in nature. Due to easily extraction and utilization, lime is used all over the world 
almost throughout human history. Lime is a cement replacement material, generally 
used as a cementitious material. Even though the lime product's manufacturing 
processes have an impact on the environment as well because the required 
temperature during the calcining process is relatively low compared with cement 
production, lime consumes less energy and lower carbon emissions[48,49].  
Paper pulp is sensitive to an alkaline environment, and especially both physical and 
chemical degradation occurs gradually. For instance, the alkaline hydrolysis of part of 
pulp fibre leads to the cellulose molecular chain's disruption. In addition, due to the 
concentration of pore water at the fibre's surface, where the hydration process 
occurs and hydration products fill up with the inner cores of pulp fibre, the 
mechanical performance of fibre is impaired[50]. The research indicates 
cementitious matrices with low alkalinity are beneficial to the conservation of 
mechanical performance of recycled fibre, especially the degradation of modulus of 
rupture and the reduction of specific energy [51]. 
1.2 Objectives 
Fig. 4 shows the flow diagram of papercrete block (PB) design, and major aims of this 
research include: To achieve the expected performance of papercrete in the 
structural and non-structural applications, raw material selection and production 
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process of papercrete will be developed. To standardize the materials and testing 
relating to papercrete, Adapt American Society of Testing Materials (ASTM) material 
specifications will be used. Develop and characterize the model of micro-scale of 
different components in papercrete. 
 
Fig. 4 The diagram of investigation on PB. 
 
1.3 Layout of Thesis 
This thesis introduces current research related to the papercrete. The experiment is 
designed based on the response surface method (RSM), and the results of various 
tests are presented and discussed. The optimized proportion design of PB is validated 
and explained. The life cycle assessment of PB is calculated and evaluated. This thesis 
includes six chapters and summarized as follows: 
Chapter 1: Introduction of alternative materials used in concrete, sustainability for 
civil engineering, and the concept of papercrete. The main objectives of this research 
and the flowchart of research are presented. Additionally, the outline of this thesis is 
described. 
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Chapter 2: Literature reviews of previous relevant studies are presented. Not only 
waste paper fibre is introduced, but the materials relating to the waste paper fibre 
used in concrete are also presented, such as the natural cellulose fibre. The influence 
of such cellulose used in concrete is introduced, including general properties, 
mechanical properties, and environmental effects. 
Chapter 3: Describe in detail the experiment procedures, including raw materials, 
design of experiment, mix design based on RSM, waste paper fibre properties and 
preparation of PB. The selection of standards is explained and comparisons with 
British standards and Chinese standards are conducted. 
Chapter 4: Analysis of Variance (ANOVA) for results of an experiment based on RSM, 
the regression model is created, diagnose and explained. The optimized proportion 
of papercrete is tested and validated.  
Chapter 5: Establish the development of the life cycle assessment model of PB 
production, make a comparison between papercrete production and conventional 
concrete blocks production combined with waste paper disposal.  
Chapter 6: The conclusion of this research is described, and further investigations are 
proposed and discussed based on current results.
Chapter 2   Literature review 
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Chapter 2 Literature review: the studies on the concrete with 
waste paper 
2.1 Introduction to papercrete 
Papercrete, as a sustainable construction material composed of recycled or re-
pulped waste paper mixing with bonded materials and aggregates, was achieved 
wide attention from the engineering field. The waste paper generated in quantity 
yearly is the potential construction resource, and disposal of waste paper is a 
noticeable issue with the increase of paper consumption. Therefore, the concept of 
papercrete was proposed to solve these problems by introducing waste paper fibre 
into concrete. Typically, the raw materials of papercrete mainly included 
cementitious materials, aggregates, and waste paper pulp. 
There are no uniform and systematic methods for the mixed design of papercrete in 
existing studies, and most research involved two common methods to design the 
papercrete recipe. One method is a waste paper pulp is used as the substitute of 
cement; another method is a waste paper pulp is added as extra composition. 
Studies of waste paper used as a substitute for cement are limited. Yun et 
al.[52]considered waste paper pulp had a good binding with cement paste, and 
cement at 5%, 10% and 15% by weight was replaced by waste paper pulp and other 
ingredients include sand and superplasticizer. Relatively low density (1.44g/cm3) and 
an acceptable compressive strength (17.4MPa) were achieved with 3:17:17:10 of 
paper : water : cement : sand. The results demonstrated this method and mixed 
proportion was possibly feasible but preliminary. 
Chapter 2   Literature review 
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More studies use the second method, adding extra waste paper pulp. Based on this 
method, the multifarious mix proportion is designed and tested. Fuller et 
al.[35]report a variety of mix proportions. Ingredients used in Fuller’s experiment, 
except for cement and waste paper, contain fly ash, sandglass, clay, lime, Styrofoam 
with different recipes. As Fig. 5 shows, Sangrutsamee et al.[53]and Akinwumi et 
al.[54]mixed cement and sand with different types of waste paper to make 
papercrete. Aigbomian et al.[55] created a kind of papercrete which has good 
thermal insulation with sawdust and lime. In addition, Subramani et al.[56]tried to 
use recycled aggregates to replace coarse aggregates in papercrete.  
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Fig. 5 Compressive Strength for Different Types of Recycled Waste Paper with 20% of pulp 
content[53]. 
 
Based on the research status, experiments should be designed to investigate the 
reasonability of these two mix schemes due to a lack of comparison between 
schemes.  
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There were several advantages to using natural cellulose fibre or waste paper fibre 
in concrete. The waste paper used as an alternative to the raw materials of the 
concrete was sustainable, renewable, and recyclable. Typically, incineration, landfill, 
and recycling are the most used technologies for the disposal of waste paper. Landfill 
and incineration indeed have a negative effect on the environment, even though 
waste paper recycling is a developed scheme, and the recycling rate is increasing 
continuously. Processes of paper recycling are regarded as potentially environmental 
harmfulness with using multiple chemicals and energy consumption[57]. The concept 
of the papercrete provides a new treatment, which avoids a set of pollution from 
waste paper disposal. On the other hand, due to the introduction of cellulose fibre, 
the density of the concrete decreases according to the amount of usage of waste 
paper. Furthermore, as a result of both low thermal conductivity of paper fibre and 
pores in papercrete, which was considered to have favourable thermal insulation. 
However, the influence of cellulose fibre on the mechanical properties of the 
concrete was not explicit, and the research on papercrete only focus on the influence 
of a single factor. Moreover, Sangrutsamee et al.[53] have investigated the influence 
of waste paper types used in concrete on compressive strength. There are no 
significant differences in papercrete with various waste paper, and papercrete with 
office paper pulp have a relatively higher strength due to physical property difference. 
The search relating to flexural strength is limited. Selvaraj et al.[58] carried out the 
experiment to cast the papercrete with a designed proportion and waste paper pulp 
is added as the extra component by the mass fraction of cement. Experimental results 
indicate that the variation of flexural strength is not monotonous. The enhancement 
of flexural strength is likely to be attributed to paper fibre, which has similar principle 
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to fibre-reinforced concrete. There was no investigation on the multi-factor 
influences of the properties of papercrete, and the design of mix proportion of 
papercrete is not systematized. 
Waste paper fibre or cellulose fibre was used to replace the cement or the aggregates 
in concrete. Most current literature concentrated on the replacement of cement in 
the low ratio [59,60]and there was limited literature using waste paper to replace 
aggregates[61]. Consequently, in this study, recycled waste paper fibre was used to 
mix with a concrete block with lime, which aims to decrease the use of cement and 
aggregates. Based on the experimental design of the response surface method (RSM), 
density, water absorption, and compressive strength were measured to investigate 
the interaction of various factors, and the predictive model for responses was 
established. 
2.2 The influence of waste paper used in concrete 
2.2.1 General properties 
Waste paper pulp have relatively lower density compared with other composition, 
and by using waste paper pulp, the density of concrete obtains a distinct reduction. 
A lot of literature reports unit weight of papercrete decreases with increasing the 
amount of waste paper pulp[52,54,55,58,62–64]. Aigbomian et al.[55]propose a new 
building material called wood-Crete, consisting of sawdust, waste paper, and lime. 
The density of wood-Crete reduces by around 33% when the addition of waste paper 
increases from 10% to 75%.  
2.2.2 Workability  
Due to the properties of the paper pulp, such as high-water absorption and 
hydrophobicity of cellulose, workability of papercrete, such as shrinkage ratio, waster 
absorption of papercrete, slump value, have great differences with conventional 
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concrete. Fig. 6 illustrates the negative effect of pulp fibre on the workability of fresh 
concrete, results indicate there is a significant reduction of slump and slump flow 
with 0.28 and 0.5 water-cement ratio[65]. 
Due to the hygroscopicity of cellulose fibre, papercrete has higher water absorption, 
and the increase of paper content leads to the increase of water absorption[52,53,59]. 
Selvaraj et al.[58]report that water absorption reaches up to 50% when adding 35% 
waste paper in concrete. Anandaraju et al.[63]make water absorption of papercrete 
brick reduce through introducing GGBS. 
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Fig. 6 Slump test on mortar (paper fibre was used as 1% addition) [65]. 
 
The drying shrinkage ratio has a slight increase when the proportion of waste paper 
content increases[52,59,62,66]. However, there is no more detailed analysis for 
shrinkage or swelling of papercrete. Nevertheless, the huge amount of water 
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retained in papercrete during a long period have a non-negligible influence on the 
drying behaviour of papercrete. 
2.2.3 The mechanical properties influence 
a) Modulus of elasticity 
Elastic modulus, as a significant parameter, determines the deflection of materials 
with a load. All existing studies showed that the elastic modulus of papercrete had a 
remarkable reduction when waste paper content increases[62,67,68]. The main 
reason, which leads to the decrease of elastic modulus, was the relatively low elastic 
modulus of paper fibre. Generally, cellulose fibre, as a basic constituent of paper, was 
the elastic modulus fibre with 10GPa[69]. 
b) Compressive strength 
Almost all studies demonstrate compressive strength had a remarkable reduction 
due to adding paper content, and compressive strength decreases continuously with 
the increase of paper content[52,54,55,58,62–64,70]. There were different results 
obtained by Kumar et al. [59]. In this experiment, the compressive strength increases 
monotonously until the cement/paper ratio is 3, and then the compressive strength 
curve drops down rapidly. Especially, the experimental results from Anandaraju et al. 
[63] show the influence of GGBS on papercrete brick when cement/paper/quarry 
dust ratio was 1:2:4 with increasing of GGBS content, the compressive strength of 
papercrete increases from 6.35Mpa to 9.2 MPa at 28 days. 
Moreover, Sangrutsamee et al.[53]investigate the influence of waste paper types 
used in concrete on compressive strength. There are no significant differences in 
papercrete with various waste paper. Papercrete with office paper pulp have a 
relatively higher strength due to physical property difference. 
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c) Flexural strength 
The search relating to flexural strength is limited. Selvaraj et al.[58] designed the 
papercrete with cement : sand : coarse aggregate ratio of 1:1.5:2 and waste paper 
pulp was added as the extra component by the mass fraction of cement. 
Experimental results indicate that the variation of flexural strength was not 
monotonous. Flexural strength decreased to 4.36MPa with 2.5% paper content and 
then increased up to 10.84MPa with 35% paper content, compared with 6.81MPa of 
concrete in the control group. The enhancement of flexural strength was likely to be 
attributed to paper fibre, which had a similar principle to fibre-reinforced concrete.  
d) Splitting tensile strength  
The experiment conducted by Yun et al.[52]used the waste paper pulp as a substitute 
for cement with a replacement ratio ranging from 5% to 15%, which indicated that 
the splitting strength decreased when the replacement ratio increased. However, a 
slightly different result was achieved in the experiment of Selvaraj et al. [58]. 
Compared with control group concrete with 2.89MPa at 28 days, the splitting tensile 
strength had a slight increase when addition paper mass was less than 2.5% and then 
continuously decreases to 0.79MPa with 35% addition paper. In Selvaraj’s 
experiment, coarse aggregate, which had a positive influence on the strength of 
concrete, was used in papercrete. Moreover, the minimum addition mass of waste 
paper pulp for Yun’s experiment, exceeded the range where splitting tensile strength 
increases in the experiment of Selvaraj. The paper content in the experiment of Yun 
was used as the replacement of cement, but for Selvaraj’s mix design, the waste 
paper pulp was introduced as an addition. The difference of proportion is likely to 
lead to a result in the difference of concrete structure and affect the mechanical 
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property of concrete. Besides, further studies should be made to investigate potential 
and accurate reasons. 
2.2.4 The durability  
The introduction of waste paper pulp affects the durability of concrete, mainly due 
to the increase of the water absorption of waste paper. Fig. 7 shows the influence of 
waste Kraft pulp with different treatment on the water absorptions, reported by 
Booya et al[60]. 
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Fig. 7 Variation in water absorption[60]. 
 
Generally speaking, PB have favourable fire resistance as construction materials and 
cannot be ignited with open flame[63,64,67]. Generally, most research reports that 
R-value for papercrete brick is higher than traditional concrete but is affected by the 
amount of cement and sand used in papercrete[34,35,71]. The experimental results 
of Sangrutsamee et al.[53]indicate thermal conductivity of papercrete decreases 
significantly with the increase of waste paper content. Besides, the effect of waste 
paper type is investigated and papercrete mixing with carton paper can achieve lower 
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thermal conductivity compared with papercrete with newspaper or office paper. The 
wood-Crete was designed by Aigbomian et al.[55], which is made up of sawdust, 
waste paper, and lime, obtain a rather low thermal conductivity with a minimum of 
0.046 W/m K. As a good performance insulation material with low cost and 
lightweight, papercrete has great potential value. 
2.2.5 Other properties 
The ultimate strain was achieved from the stress-stain curve in the experiment of 
Choi et al.[52,62]have a remarkable increase with increasing the replacement ratio 
of waste paper in papercrete. The cellulose fibre of waste paper is likely to enhance 
the ductility of papercrete through combination with the cement matrix. 
In another experiment conducted by Santamaria and Fuller[35,67], according to the 
creep test, the deformation of papercrete increase nonlinearly and continuously until 
maximum value. The creep, which is rather small and has no significant effect on 
structures, increases when cement content increases. However, the pull-out test in 
this experiment does not clarify the influence of the waste paper on the pull-out 
capacity of a driven bar for papercrete.   
The experiment performed by Selvaraj et al.[58]indicated that the impact resistance 
increases with the increase in waste paper content. The main reason was the 
cellulose fibre has a positive influence on impact force absorption. A similar result 
was obtained by Decard et al.[72], papercrete has higher damping and capacity of 
energy absorption basing on the low-velocity impact test. 
Several articles report that acoustic property of papercrete, Fuller et al.[35,67] report 
papercrete has favourable sound absorption. In addition, the sound insulation of 
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hollow concrete blocks designed by Modry[73] meets the requirement of the 
partition wall, according to ISO 717-2[74] test. 
2.3 Utilization of hydraulic lime in papercrete 
Hydraulic lime (HL) and lime derivative as an ancient binder are widely used in various 
cementitious materials, such as plastering motor, grouts, restoration materials, or 
lime-based concrete. According to the research of Grist[75]and Pozo-Antonio[76], 
the improvement of mechanical strength caused by the hydraulic reactivity of natural 
hydraulic lime was achieved, and HL was demonstrated to improve the stability of 
the compound. Aerial lime was widely used and investigated in most studies where 
the effect of lime ratio on such as mechanical properties, durability has been 
completed, however further, there are limited investigations that the concrete 
including cement and HL.  
The utilization of HL production was. The alite (Ca3SiO5), which is the essential 
component of CEM Ι is formed at the temperature of above 1300°C in the kiln, 
while compared with CEM Ι, the alite is only trace amount (＜0.7%), the major 
compound in HL is belie ((CaO)2·SiO2) which is generated at 900°C in the kiln, 
particularly as Table 1 shows the comparison between Natural Hydraulic lime (NHL5) 
in line with BS EN 459[77] and typical CEM Ι as an example. It is clear that the 
energy consumption of CEM Ι manufacture is higher than that of HL. 
The aim of introducing lime into papercrete is to explore the effect of hydraulic HL or 
alkaline environment on waste paper fibre mixing with concrete. HL and lime dust 
are widely used in cementitious ingredients as an alternative of cement, such as 
plastering mortar [78,79], and lime-based concrete[80]. Especially, the mixture of 
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cellulose derivatives and HL has a mutual effect on the mortar. Water retention, 
mechanical strength growth and variation of compressive strength depend on the 
chemical properties of cellulose derivation. Introducing cellulose ether into lime 
mortar has a negative influence on compressive[81]. Whereas Hui Liu et al. [82] 
demonstrated that utilization of carboxymethyl cellulose (CMC) in lime motor 
significantly improve the compressive strength of the lime motor, according to 
experimental results introducing CMC into the lime motor can slow down the 
procedure of lime hydration and steadily produce the calcite of CaCO3 crystals. In this 
study, HL is used as an alternative of cement, which is to investigate the interactions 
on the strength reduction caused by the effect of waste paper. 
Table 1 The comparison of mineralogical constituent between NHL with CEM Ι[77]. 
Compositions Typical NHL5 (% / mass) Typical CEMΙ% / mass) 
Insoluble substance 4 Trace 
Free lime, Ca (OH)2 21 2 
Unburnt calcium carbonate, 
CaCO3 
23 0 
Alite, Ca3SiO5 Trace 58 
Belite, (CaO)2·SiO2 45 13 
Tricalcium aluminate, 
3CaO·Al2O3 
2 9 
Gehlenite, Ca2Al (AlSiO7) 2 0 
Calcium aluminoferrite, 
Ca2(Al·Fe)2O5 
2 8 
Gypsum, CaSO4 Trace 5 
Other 1 5 
 
2.4 Application of papercrete 
In the laboratory, some structural elements are designed and poured into testing for 
papercrete. Interlocking arch, seating, shed, compound walls with or without rebar, 
and infill constructed with other frameworks, are designed and tested to be 
feasible[66,67]. Furthermore, some structures with or without footings and slabs on 
the ground are designed and tried[67]. 
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Papercrete has already been applied in practice. Papercrete is used to build vaults, 
domes, walls, and stucco[67,71]. Even a small house partly adopted papercrete was 
constructed in the rural area, as shown in Fig. 8[67].  
 
Fig. 8 Building using papercrete[67]. 
 
2.5. Statement of problem and motivation of study 
2.5.1 Advantages 
As stated previously, the most significant advantage of papercrete compared with 
conventional concrete is lightweight due to the use of waste paper. Even though in a 
similar condition of compressive strength, the density of papercrete reduces by 
roughly 26% compared with typical clay brick[53]. The reduction of density can 
efficiently decrease energy consumption during fabrication and transportation. 
Meanwhile, waste paper content seems to improve flexural strength and splitting 
strength and make concrete more ductile.  
Secondly, due to favourable thermal insulation and sound absorption, papercrete can 
be used as a thermal insulation material or infill material in the partition wall and 
convenient for installation and teardown.  
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Besides, the waste paper, which is generally disposed of through landfill or 
incineration, is re-pulped and reused to mix with the concrete. Therefore, papercrete 
can be regarded as an eco-friendly material. Even though the waste paper is 
reprocessed to be recycled paper, papercrete has a positive influence on the 
environment and sustainability. Furthermore, compared with conventional concrete, 
the cost of paper is relatively lower, and papercrete would be a sustainable 
construction material economically.  
2.5.2 Disadvantages 
Generally, although there have been some investigations on the properties of 
papercrete, the formal testing standards and specifications for papercrete are not 
established yet [83]. In addition, according to the study of Santamaria [67], the 
compressive strength of papercrete is around 140-160 psi, and the compressive 
strength of a part of the specimen even can be up to 260 psi or more. Elastic modulus 
is observed in the range from 220 psi to 3000 psi with more than 40 different mix 
designs.  
Moreover, based on different applications, the investigation on other important 
properties such as tensile strength, heat and sound insulation, creep, fire resistance, 
and long-term durability is limited and not available for the public. In general, to some 
extent, waste paper content has a negative influence on most mechanical properties 
of concrete. However, the reduction seems to be acceptable and is affected by 
ingredients significantly. Some studies should be established to explore the potential 
use of papercrete as sustainable construction in Civil Engineering. In a word, although 
the concept of papercrete was proposed previously, the research on papercrete was 
still limited and incomplete. The main problems of the investigation on papercrete 
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concentrate on the lack of standards and have no systematic methodologies. Basing 
on existing research, the main issues which limit the application of papercrete involve 
three aspects:  
1) Papercrete has a poor performance when it is soaked in the water.  
2) The strength of papercrete is not as good enough as conventional concrete.  
3) The application prospect is not clear because not all properties of papercrete are 
clarified and analysed. Papercrete is a promising lightweight concrete for a specific 
potential application. 
2.6 Summary 
Most research investigates the influence of natural fibre with concrete, the research 
of waste paper used in concrete is limited. Overall, there are different used schemes 
of waste paper (addition, replacement of raw materials). Studies involving waste 
paper fibre used in concrete have indicated several potential advantages by using 
waste paper fibre in concrete, such as density reduction, thermal properties, and 
resistance to freeze-thaw. Literature indicates there is no systematic mixing schemes 
for the proportion design of concrete with waste paper. Besides, for all most all 
studies, the mixing ratio is at a low level. Some literature presented the positive 
influence of lime used in concrete on the mechanical strength and durability of 
concrete. Additionally, there is no study investigating the environmental effect on the 
utilization of waste paper in concrete, the production and processing of waste paper 
should be defined and clarified to investigate the environmental credit of this 
recycled treatment. 
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Chapter 3 Experimental procedures 
3.1 Introduction  
In this chapter, firstly, the standards are determined based on the requirement of 
building blocks in ASTM (American Society for Testing Material) standards, the 
comparison of possibly applicable standards is made to clarify the rationality of 
standards selections. Accordingly, mixed proportions design and test standards 
relating to building blocks are adopted. The detailed experimental procedures aiming 
to investigate the properties of PB are designed based on the response surface 
method (RSM) in this study. The properties of PB include density, absorption, 7-day 
and 28-day compressive strength, softening coefficient, and thermal resistance. All 
experiment for all properties test mentioned above was conducted at the 
department of civil engineering of Xi’an Jiao-tong Liverpool University. 
3.2 Standard selection 
There are several standards involving building blocks so-called concrete masonry 
units (CMU) in ASTM standards, including ASTM C55[84], ASTM C90[85] and ASTM 
C129[86]. A brief comparison of involved standards is listed in Table 2. ASTM C55 only 
covers solid concrete building bricks with greater than 17.2 MPa of compressive 
strength. Considering the strength reduction of papercrete as the literature review 
described previously, it is difficult to satisfy this strength limitation. Similarly, even 
ASTM C90 covers the hollow masonry blocks, and the compressive strength should 
be greater than 13.8 MPa for an average of 3 blocks. ASTM C129 of non-loadbearing 
concrete masonry blocks was adopted to assign the requirement of PB. The standard 
specifics dimension requirement, the density classification, linear drying shrinkage 
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and strength requirement for both hollow and solid nonloadbearing concrete 
masonry blocks. The masonry blocks involve not only the conventional concrete 
mixture but also the concrete mixture with other alternative materials. Therefore, 
ASTM C129 was selected to access the properties of PB in this study. Requirements 
in ASTM C129 are listed in Table 3 to Table 5. 
A set of tests were conducted to determine the properties of blocks. According to the 
requirement of CMU, the test project was determined and referring to the 
requirement of ASTM C140[87]. The oven-dry density, absorption, moisture, 7-day, 
and 28-day compressive strength were measured.  
ASTM D7357[88] as a reference covers the minimum requirements for cellulose 
fibres used for fibre-reinforced concrete, and the limitations of using this standard 
are fibre categories only involve natural cellulose fibre. Although some properties are 
not included in the relevant ASTM standards, considering the high-water absorption 
of waste paper fibre, according to GB T 4111[89], the softening coefficient is taken 
into account.  
Additionally, the thermal properties of PB, which is an advantage reported in the 
literature but without sufficient clarification, should be investigated. Thus the 
thermal transmission properties are measured by the heat flow meter apparatus 
according to ASTM C518[89] and ASTM C1058[90]. In fact, there are some optional 
standards in ASTM. ASTM C687[91], and ASTM C1363[92] and ASTMC 1045[93] are 
also used to measure the thermal properties of specific materials or structures. Due 
to the scope of application and the limitation of apparatus, ASTM C518 was adopted 
to measure the thermal transmission properties of PB. Additionally, the scope of 
ASTM C177 is to measure the steady-state heat flux through the flat, homogeneous 
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specimen(s) when their surfaces are in contact with solid, parallel boundaries held at 
constant temperatures using the guarded-hot-plate apparatus. 
Table 2 The comparison of standards related to CMU available in ASTM. 
Code of ASTM 
standard 
Name of standards Scope  
C55 
Specification for 
concrete building brick 
Solid, dry-cast, 
concrete building brick 
used for constructing 
structural masonry 
Strength 
requirement is 
high 
C90 
Specification for 
loadbearing concrete 
masonry 
Hollow and solid non-
loadbearing concrete 
masonry units 
consisting of traditional 
raw materials. 
Strength 
requirement is 
relatively low 
C129 
Specification for non-
loadbearing concrete 
masonry 
 
Table 3 Requirements of Density classification 
Density classification 
The oven-dry density of concrete (average of 
three samples, lb/ft3(kg/m3)) 
Lightweight Less than 105 (1680) 
Medium Weight 105 to less than 125 (1680 to 2000) 
Normal Weight 125 (2000) or more 
 
Table 4 The compressive strength requirements for non-loadbearing concrete masonry units in 
ASTM. 
Samples 
Compressive strength 
(the mean value of net area) 
Min. psi (MPa) 
Average of 3 units 600 (4.14) 
Individual unit 500 (3.45) 
 
According to the requirement of ASTM standards for generally no-load bearing 
concrete masonry, As the show in Table 3 to Table 5, all the requirement of non-load 
bearing masonry in ASTM.  
Table 5 Requirements of dimensions with permissible variations.  
 Limitation 
Minimum face shell thickness ≥1/2 in (13 mm) 
Differences for the overall dimension (width, 
height, and length) 
±1/8 in (3.2 mm) 
 
3.3 Materials 
The desired PB in this study was designed by using the conventional concrete mixture 
design as a reference. There is a total of six ingredients used for PB manufacture. Part 
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physical properties of all these ingredients were measured according to the 
corresponding ISO and ASTM standards or achieved from local suppliers. 
The ordinary Portland Cement was used in this study, namely CEM Ι/42.5 cement 
in Fig. 13, complying with the requirement of Chinese standard, GB 8076[94]. The 
chemical analysis and physical properties were listed in Table 6, where the specific 
density was verified according to ASTM D1480[95], so that volume replacement in 
the proportion design. This type of cement is widely used for common purpose 
concrete and benefit for investigating the influence of additive on the concrete. 
Table 6 Chemical constitutes and physical properties of cement. 
Chemical analysis % 
𝑆𝑖𝑂2  22.89 
𝐴𝑙2𝑂3  4.54 
𝐹𝑒𝑂  3.47 
𝐶𝑎𝑂  61.98 
𝑀𝑔𝑂  2.06 
𝑆𝑂3  2.76 
𝑁𝑎2𝑂  0.53 
𝐹𝑟𝑒𝑒 𝐶𝑎𝑂  0.88 
𝐿𝑜𝑠𝑠  1.23 
𝐶𝑙−1  0.022 
Physical properties  
Density (𝑘𝑔 𝑚3⁄ ) 3.14 
Fineness (0.08/%) 0.9 
28-day compressive strength (𝑀𝑃𝑎) 48.6 
 
Table 7 The physical properties of aggregates used in the study. 
Materials Properties Value 
Coarse aggregate (crushed 
gravel) 
Specific gravity (OD) 2.68 
Absorption (%) 0.70 
Dry bulk density (kg/m3) 1512.30 
Fine aggregate (river sand) Specific gravity (OD) 2.64 
 Fineness modulus 2.72 
 Absorption (%) 0.50 
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Fig. 9 The results of the sieve test with the limitation for fine and coarse aggregates. 
 
  
Fig. 10 Gravel and sand used in the sieve test for building blocks. 
 
Fine and coarse aggregates, including river sand and crushed gravel, was purchased 
from the local market in China. The properties of this sand and gravel are listed in 
Table 7, and especially the bulk density of crushed gravel measured was used to 
calculate quantities for the papercrete design. The sieve test was conducted 
according to ASTM C136-14[96] and the results, as Fig. 9 and Fig. 10 shown, 
complying with the grading requirement in ASTM C33[97]. The main physic 
properties were tested according to ASTM C127[98] and ASTM C128[99]. The specific 
gravity, water absorption and bulk density of this crushed gravel were 2.68, 0.7, and 
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1512.3 kg/m3. The specific gravity, fineness modulus and water absorption of this 
river sand were 2.64, 2.72, and 0.5%, respectively.  
Waste paper fibre (WPF) used in this study was commercially available, which was 
purchased from a millwork plant of the mineral products in China in Fig. 11. WPF 
adopted is made from a mixed source mainly consisting of newspaper, roll paper, 
book paper, etc. All fibres were bleached and cut into a short scale with an average 
length of 1.34 mm. The basic properties, including specific gravity, average 
dimensions, coarseness, and water retention value, were measured according to the 
corresponding standards as following content described. The average length and 
coarseness were tested according to the standards of the Technical Association of 
the Pulp and Paper Industry (TAPPI), namely T232[100], T233[101] and T234[102]. 
Additionally, there is no specific standard for testing the density or related properties 
of WPF and similar materials. Thus, the gravimetric pycnometer method, which is the 
same standard to fine and coarse aggregate, was used to measure the specific gravity 
according to ASTM C128. Properties of WPF are presented in Table 8. Considering the 
water absorption of WPF, water retaining value (WRV) was determined by using 
centrifugal method with and TAPPI Useful Method (UM) 256[103].  
𝑊𝑅𝑉 =
𝑚1 − 𝑚2
𝑚2
× 100% (3-1) 
where, 𝑚1 is the total weight of centrifuged WPF, and 𝑚2 is the weight of dried 
WPF. 
Table 8 Physical properties of WPF. 
Material Properties Values 
Waste paper fibre (WPF) 
Average length (μm) 1344 
Average width (μm) 24.4 
Coarseness (mg/m) 0.3269 
Water retention (g) 1.25 
Specific gravity 0.58 
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Fig. 11 Flocculent WPF used in the PB. 
 
  
(a) Untreated WPF (b) WPF with treatment of Ca(OH)2 
Fig. 12 SEM images of WPF with and without treatment at 500 of magnification. 
 
Hydraulic lime adopted in this study was Natural Hydraulic Lime (NHL) purchased 
from Hessler Kalk Company in Fig. 13. There are two major reasons for the 
introduction of NHL into the papercrete. On the one hand, to adjust the alkaline 
environment of concrete for WPF and achieve the aim of treating the surface of 
WPF[82,104,105]. On the other hand, the environmental benefit is achieved due the 
simplified production process compared with cement[106]. The content of CaO is 
greater than 58% and bulk density is 0.78 kg/m3, and this information is sourced from 
the supplier. 
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Fig. 13 Cement (left) and hydraulic lime (right) used in PB. 
 
Superplasticizer was used to adjust water dosage and flowability (such as slump) of 
fresh concrete, and a polycarboxylate-based high-range water-reducer (HRWR) was 
adopted in the investigation as recommended in ACI 211[107] to achieve favourable 
workability.  
3.4 Experimental design 
3.4.1 Design of experiment 
According to the requirement of concrete blocks with almost zero even less than zero 
slumps, the initial mix proportions of PB are determined according to ACI-211.3R 
(standards for the design of mix proportions of no-slump concrete)[108]. These 
standard addresses procedures of selecting mix proportions of expected concrete 
with the slump in the range of 0-25mm, especially including the guild of concrete 
masonry units. Considering the raw materials used and introduced previously, the 
center point of the experiment was determined in Table 9. 
The influence and optimization of mix proportions for PB is required in this study, 
Response Surface Method (RSM) was adopted for Design of Experiment (DOE), which 
is a combination of the statistical and numerical method based on the least square 
method with the minimum error of meta-model, especially this method is typically 
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used to investigate the influence of multiple factors on interested responses, further, 
create and analyse the regression model[109]. RSM is also used for multi-objective 
optimization by specifying the limitations of independent variables or 
responses[110,111]. RSM is widely applied in a different field for reliability analysis 
or optimum design, such as agriculture, biology, food, chemistry, manufacturing, civil 
engineering and etc.[112–115].  
RSM aims to establish the relationship between input variables and responses as 
Equation (3-2) shows, particularly if the independent variables are the linear function 
of response, and the approximate first-order model is presented in Equation 
(3-3)[116]: 
𝑦 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑘) +∈  (3-2) 
𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 +∈  (3-3) 
where 𝛽0  and 𝛽𝑖  are the regression coefficients with 𝑖 = 1, 2, … , 𝑘 , 𝑥𝑖  are the 
𝑖′th independent variables and ∈ is the error of the approximation model. 
Moreover, in most cases, a higher-order model is more applicable, and the 
polynomial with a higher degree should be used if the approximate system is non-
linear, or in other words the curvature occurring in the system, typically the form of 
quadratic polynomial models as a most common second-order model is presented: 
𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖
2𝑘
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗𝑗𝑖 +∈  (3-4) 
where especially 𝑖＜𝑗, 𝑥𝑖 and 𝑥𝑗  are the independent variables, 𝛽𝑖, 𝛽𝑖𝑖  and 𝛽𝑖𝑗  
are the regression coefficients of the first degree, second degree, and cross degree, 
𝑘 is the number of effect factors. ∈ is the model error, including both of measuring 
error and regress error. 
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Central Composite Design (CCD) was adopted in this study to ensure the uniformity 
of design. Central Composite Circumscribed (CCC) Design was used to achieve the 
rotatability of design. For general DoE procedures, the selection of the design points 
for the generation of the response surface is important. CCC design with two factors 
and three factors is illustrated in Fig. 14, which is more appropriate compared with 
Center Composite Face-centered design (CCF) design and Center Composite Inscribed 
(CCI) design. There are three types of design points, including cubic points, center 
points and axial points (start points). Particularly, the selection of star points is 
important to ensuring the orthogonality and rotatability make the predicted variance 
of all the star points is constant [109,117]. 
 
a) CCC design with k=2 b) CCC design with k=3 
Fig. 14 The schematic diagram of CCC design. 
 
In order to satisfy the rotatability for design, the level of star points is determined: 
𝛼 = 𝑛𝑓
1/4  (3-5) 
𝑛𝑓 = 2
𝑘  (3-6) 
where, the 𝛼 is distance to the center point, so-called star design point, 𝑛𝑓 is the 
number of factorial points, 𝑘 is the factor numbers. 
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Particularly, it is impossible to complete all the casting in one experiment since the 
amount of concrete block is a large quantity, the casting and test should be 
completed several times, blocking of experiment design are used to eliminate the 
error caused by potential factors, such as a difference of mixing condition on different 
dates. According to the requirement of blocking (approximately orthogonal between 
blocks), in this study, the experiment blocks was set to be 3 to reduce variation in 
regression coefficients. 
Additionally, the data analysis for RSM should be conducted and discussed in the next 
section. Especial, Analysis of Variance (ANOVA) is conducted to evaluate the 
significance of each independent variable based on a P-value of 0.5%. The P-value of 
the major and the interaction terms, which are significant for the response, are less 
than 0.5%. Oppositely the terms with a p-value＞5% are insignificant for the statistic. 
Generally, only significant terms should be considered when establishing the 
predictive models. Finally, multiple objectives optimized design should be obtained 
and verified according to the developed models. 
In this study, the proportion of the concrete mix is shown in Table 9. The independent 
variables of the designed proportion include w/c ratio, HL ratio, WPF-C and WPF-A. 
Particularly, HL is the cement replacement ratio by weight and is in the range from 0-
10%. According to the relative research[55,56], WPF was not only used as an 
alternative material, also as aggregates introduced into concrete, thus two mixing 
schemes were adopted in this study. WPF WPF-C is the cement replacement ratio by 
weight using papercrete fibres and is ranging from 0-15% and WPF-A is the 
aggregates replacement ratio by volume in the range of 0-7%. Additionally, water 
reducing agent is used to adjust the workability of PB due to high water absorption 
Chapter 3   Experimental procedures 
35 
 
of WPF. Thus, the number of non-center points and center points is 24 and 3, 
respectively. RSM was adopted to investigate the influence of various mixing ratios 
of WPF and NHL on the PB.  
An appropriate mix proportion based on zero slump concrete design is adopted as 
the lowest limitation of mix proportion. By using (central composites design) CCD, 
factors of mixing design with three levels were obtained as  
Table 10 shows, where the code presents the standardized level of each factor and α 
is the axial point in the design of the experiment. 
Table 9 The mix design of the concrete blocks as control group. 
Raw 
materials 
Cement 
Gravel (coarse 
aggregate) 
Sand (fine 
aggregate) 
Water 
Water reducing 
agent 
Dosage 
(kg/m3) 
354.17 1238.57 626.77 170 5% 
 
Table 10 Design of RSM factors. 
Factors Code 
Levels of code 
-α -1.00 0 1.00 α 
w/c ratio X1 0.38 0.43 0.48 0.53 0.58 
HL ratio (%) X2 0 2.5 5 7.5 10 
WPF-C ratio (%) X3 0 3.75 7.5 11.25 15 
WPF-A ratio (%) X4 0 1.75 3.5 5.25 7 
 
3.4.2 Mix design 
The building blocks, namely CMU in ASTM, are the designed target; therefore, the 
prospective slump of fresh concrete should be as small as possible. The initial 
concrete mixing scheme was designed in accordance with ACI 211[107] as a control 
group. With the high replacement ratio, there are two schemes of replacement 
adopted in this study. WPF was not only used to replace the content of cement, also 
to substitute the aggregates in concrete. There is some literature exhibiting different 
mixing strategies as an alternative to cement or aggregate. The detailed mix design 
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was listed in Table 11. Especially some identifiable influence can result in variation of 
experimental results, such as the change of experimental data, or the change of the 
experimental environment, particularly the block is irrelevant with independent 
variables considered in the experiment. To remove this variation in mathematics, CCD 
is conducted in blocks design in Table 11. 
Table 11 Actual design point and blocks for RSM design. 
Block Run of Experiment 
Factor-1 Factor-2 Factor-3 Factor-4 
X1: w/c X2: HL, (%) X3: WPF-C, (%) X4: WPF-A, (%) 
Block-1 
1 0.43 2.5 3.75 5.25 
2 0.53 7.5 3.75 5.25 
3 0.43 2.5 11.25 1.75 
4 0.53 2.5 3.75 1.75 
5 0.48 5 7.5 3.5 
6 0.53 7.5 11.25 1.75 
7 0.53 2.5 11.25 5.25 
8 0.43 7.5 3.75 1.75 
9 0.43 7.5 11.25 5.25 
Block-2 
10 0.43 2.5 3.75 1.75 
11 0.43 2.5 11.25 5.25 
12 0.48 5 7.5 3.5 
13 0.53 7.5 11.25 5.25 
14 0.53 2.5 3.75 5.25 
15 0.43 7.5 11.25 1.75 
16 0.53 2.5 11.25 1.75 
17 0.43 7.5 3.75 5.25 
18 0.53 7.5 3.75 1.75 
Block-3 
19 0.48 5 7.5 7 
20 0.48 5 15 3.5 
21 0.48 5 7.5 3.5 
22 0.58 5 7.5 3.5 
23 0.48 10 7.5 3.5 
24 0.48 5 7.5 0 
25 0.38 5 7.5 3.5 
26 0.48 0 7.5 3.5 
27 0.48 5 0 3.5 
 
3.5 Preparation of specimens 
3.5.1 Casing and mix procedures 
During the procedures of mixing, to avoid non-uniform distribution of WPF in fresh 
concrete (considering the viscosity of fresh concrete and the density of WPF, 
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sedimentation and motion of WPF in concrete was perceived to be negligible), all dry 
ingredients were completely mixed in a mixer of 500kg capability for around 5 
minutes in a mixer before adding water. Then tap water and superplasticizer were 
introduced and mixed with dry ingredients for around 5 minutes to achieve an 
acceptable condition. The temperature measured during the mixing process is less 
than 38°C. 
In this study, PB were manufactured in steel moulds with 4000kN of forming pressure 
for the 30s by using brick making machine as Fig. 15 b) illustrated. Based on the 
requirement of ACI 211 and expected dimensions of PB were designed to be 200 mm
×200 mm×400 mm (widely used dimensions) with a hollow percentage of 33.28%, 
detailed configurations are listed in Table 12. Additionally, to satisfy the subsequent 
test requirement, including the oven-dry density, absorption, moisture and 
compressive strength test in ASTM C140, entire PB were adopted as prepared 
specimens for tests (The half of concrete blocks or blocks cut with a regular shape are 
acceptable in standards if considering the size of apparatus). 
Table 12 Designed dimension of PB. 
Length (mm) Width (mm) Height (mm) 
Expected Net 
area (mm2) 
Hollow 
Percentage 
400 200 200 47232 33.28% 
 
Fig. 16 shows the process of fresh concrete mixing and manufactured blocks. After 
casting and forming, the fabricated PB were cured in the air at room temperature of 
20±5°C and relative humidity of 40±5% until the day of the test. 
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(a) profiles of PB (b) block making machine 
Fig. 15 Dimensions of PB and block making machine for moulding. 
 
  
 
Fig. 16 The concrete mixing and prepared blocks curing in room temperature. 
 
3.5.2 General properties test 
The oven-dry density, absorption and moisture were measured according to the 
requirement of ASTM C140[87]. Three samples of PB were prepared for these general 
properties test. After curing at 28 days with 20°C, specimens were completely 
immersed in water at a temperature of 15 to 27°C for 24 to 28 hours, then 𝑤𝑖  of 
specimens immersed in water were weighed. 𝑤𝑠  was measured after specimens 
were removed from the water, dried for 60±5s to remove the surface water. 
Subsequently, specimens were aeration-dried in an oven at 110±5°C for ≥24 hours, 
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𝑤𝑑  was recorded after completely dried. The calculation of indexes is presented in 
Equation (3-7) to (3-11) 
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛, % = 100 × [(𝑤𝑠 − 𝑤𝑑) 𝑤𝑑⁄ ]  (3-7) 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒, % = 100 × [(𝑤𝑟 − 𝑤𝑑) (𝑤𝑠 − 𝑤𝑑)⁄ ]  (3-8) 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦, 𝑘𝑔 𝑚3⁄ = 1000 × [𝑤𝑑 (𝑤𝑠 − 𝑤𝑖)⁄ ]  (3-9) 
𝑁𝑒𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑉𝑛), 𝑐𝑚
3 = (𝑤𝑠 − 𝑤𝑖) × 10
3  (3-10) 
𝑁𝑒𝑡 𝐴𝑟𝑒𝑎 (𝐴𝑛), 𝑚𝑚
2 = (𝑉𝑛 × 10
3) 𝐻⁄   (3-11) 
where: 𝑤𝑠 is the saturated weight of PB, kg, 𝑤𝑑  is the oven-dry weight of PB, kg, 
𝑤𝑟  is the received weight of PB, kg, 𝑤𝑖  is the immersed weight of PB, kg, 𝑉𝑛 is the 
net volume of PB, cm3, 𝐴𝑛 is the net area of PB, mm
2, 𝐻 is the height of PB, mm. 
3.5.3 Compressive strength test  
According to ASTM C1552[118], high strength gypsum recommended (Compressive 
strength at 2 hours≥24.1 MPa) was used as a capping material that was required to 
ensure the surface applied the loaded flat during the strength test, the thickness of 
the gypsum cap is required to be less than 2 mm. 
Fig. 17 shows the gypsum capping schematic and actual capping processes. The 
compressive strength tests were carried out following ASTM C140[87]. The hollow 
blocks with their hollow cores in a vertical direction were set up in a universal testing 
machine. Three samples of PB prepared were tested for each group at 28 days. The 
uniform rate of 2mm/min was applied on the top surface of blocks to meet the 
requirement of the test standard that ensures test duration in the range of 1 to 2 
mins. 
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a) The schematic diagram of capping 
 
b) Capping for PB in the lab. 
 
 
c) The set-up of the compressive strength test for PB. 
Fig. 17 Capping on the surface of PB and set-up of compressive strength test. 
 
3.5.3 Softening coefficient 
The experiment was conducted as GB T4111[89] required. A total of six specimens of 
PB are selected. Three specimens of PB were immersed in the water at 15-25°C for 
four days after curing, and the distance of specimens to the water should be greater 
than 20 mm. Then specimens were put on the shelf to drain water and wipe the 
surface of specimens to achieve the condition of saturated surface dry.  
𝐾1 =
𝑓1
𝑓
 (3-12) 
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where 𝐾1  is softening coefficient, 𝑓1  is the average compressive strength of 5 
specimens with saturated surface dry, 𝑓 is the average compressive strength of 5 
specimens with air-seasoning. 
3.5.4 Thermal properties test 
The experiment of thermal properties was conducted according to ASTM C518. The 
configuration of the experimental set-up is illustrated in Fig. 18. The specimens were 
set between two plates, where one side and on the other side. The heat flow meter, 
as Fig. 19, was used to measure the heat flow through the PB, the thermal insulation 
materials used to avoid the dispassion of heat. As equation (3-13) and (3-14) shows, 
thermal conductivity and thermal resistance are typically used to evaluate the heat 
transfer performance to materials, and in some extent, these two parameters 
describe the equivalent performance-based different aspect[119], especially the 
thermal conductivity was adopted in this study.  
𝜆𝑇 = 𝑆 · 𝐸(
𝐿
𝛥𝑇
)  (3-13) 
𝑅𝑡 =
𝛥𝑇
𝑆∗𝐴
  (3-14) 
where, 𝜆𝑇  is the thermal conductivity of materials ( 𝑊/(𝑚 · 𝐾) ), 𝑆  is the 
calibration factor of the heat flux transducer (𝑊/(𝑚2𝑉), 𝐸 is heat flux transducer 
output (V), particularly, 𝑆 · 𝐸 is presented as heat flux in heat flow meter here, 𝐿 is 
the distance between the two plate (m), 𝛥𝑇 is the temperature difference of two 
plate (K) and 𝐴 is the area of heat source. 
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Fig. 18 Heat flow meter with one transducer and one specimen. 
 
  
a) Set-up of a thermal transmission experiment b) Heat flow meter 
Fig. 19 Thermal transmission experiment and apparatus. 
 
3.5.5 Microstructure test 
The SEM study was conducted to explore the interface change of WPF and PB with 
and without chemical treatment at the age of 28 days (air curing at room 
temperature). Fig. 20 illustrate that samples are cleaned and attached to the support, 
then placed in the SEM machine. The air in SEM machine is eliminated to be vacuum. 
Samples are scanned at various image magnification ranging from 50X to 4000X in 
order to achieve an appropriate image where the cement and WPF can be identified 
clearly. 
In order to investigate the microstructure of PB, an analysis of a scanning electron 
microscope (SEM) images was conducted to explore the interface between the 
cement matrix and paper fibre. Small samples from four mixed design (experimental 
serial number 20, 21,23,26 and 27, as shown in Table 11) were prepared for SEM 
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scanning. Samples with and without surface coating were measured at various image 
magnification. 
 
Fig. 20 Samples placed on the support and SEM used. 
 
3.6 Summary 
In this section, the relevant standards in ASTM for PB are considered and compared 
to select appropriate assessment standards and test standards. The density, water 
absorption, compressive strength and thermal transfer test in ASTM are determined 
to prepared, which are significant for the utilization of building concrete blocks. 
Additionally, considering the introduction of WPF, the moisture effect on the 
concrete blocks during the use stage are significant and there is no related standard 
in ASTM, thus the softening coefficient test in Chinese standard is used for test. Micro 
structure is selected to investigate the influence of WPF and NHL used in concrete 
block, where the mixing proportion with NHL and without NHL is prepared for this 
comparison. All the experimental processes, calculation and specimens preparation 
are described. Furthermore, RSM is not only used to investigate the influence of 
mixed proportion on the physical properties of PB, but also to achieve an optimized 
proportion. 
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Chapter 4 Experimental Results and Discussion 
4.1 Response and analysis  
In this chapter, all results of the experiment, including density, absorption, 7-day and 
28-day compressive strength, softening coefficient and thermal conductivity of all 
blocks, are shown according to the corresponding test and results of tests are 
analysed based on ANOVA of RSM.  
4.1.1 Response surface results of density  
The unit’s weight of PB is significant for concrete blocks, which effects the installation 
and transportation. The energy consumption can be saved by the reduction of the 
density of PB. Additionally, density is also relating to mechanical strength to some 
extent.  
The reduction of the density is mainly caused by the addition of WPF. The 
experiments listed in Table 13 were conducted to indicate the influence of WPF 
fraction and HL fraction on the density of papercrete. The highest and lowest density 
of PB was measured to be 2204.85kg/m3 and 1758.45kg/m3, respectively. The 
maximum density of PB is greater than 2000 kg /m3, which is a normal weight CMU. 
The minimum density is in the range of medium weight (1680 kg/m3＜CMU＜2000 
kg/m3).  
Table 13 Results of density in the experimental design matrix.  
 Run of 
Experiment 
X1: 
w/c 
X2: 
HL, % 
X3: WPF-
C, % 
X4: WPF-
A, % 
Density 
(kg/m3) 
Block-
1 
1 0.43 2.5 3.75 5.25 2065.33 
2 0.53 7.5 3.75 5.25 1968.90 
3 0.43 2.5 11.25 1.75 1941.30 
4 0.53 2.5 3.75 1.75 2029.13 
5 0.48 5.0 7.50 3.50 1930.55 
6 0.53 7.5 11.25 1.75 1834.62 
7 0.53 2.5 11.25 5.25 1763.71 
8 0.43 7.5 3.75 1.75 2183.02 
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9 0.43 7.5 11.25 5.25 1857.33 
Blcok-
2 
10 0.43 2.5 3.75 1.75 2189.78 
11 0.43 2.5 11.25 5.25 1878.92 
12 0.48 5.0 7.50 3.50 1933.39 
13 0.53 7.5 11.25 5.25 1774.87 
14 0.53 2.5 3.75 5.25 1940.79 
15 0.43 7.5 11.25 1.75 1945.30 
16 0.53 2.5 11.25 1.75 1838.79 
17 0.43 7.5 3.75 5.25 2069.91 
18 0.53 7.5 3.75 1.75 2049.42 
Blcok-
3 
19 0.48 5.0 7.50 7.00 1833.34 
20 0.48 5.0 15.0 3.50 1758.45 
21 0.48 5.0 7.50 3.50 1940.55 
22 0.58 5.0 7.50 3.50 1856.64 
23 0.48 10 7.50 3.50 1948.23 
24 0.48 5.0 7.50 0.00 2010.08 
25 0.38 5.0 7.50 3.50 2013.09 
26 0.48 0.0 7.50 3.50 1897.00 
27 0.48 5.0 0.00 3.50 2204.85 
 
The P-value and F-value are derived from ANOVA, which is used to clarify the level of 
significance of both major factors and interactive terms. Specifically, F-value based 
on the Fisher test is used to compare the data’s mean square to the residual mean 
square, and P-value (Prob＞F) is the probability of model hypothesis failure. A high-
value of P-value indicates the invalidation of the hypothesis. Terms with P-values 
≤0.05 are considered to have a great influence on the responses. However, terms 
with P-value＞0.05 are supposed to be statistically insignificant. Residual indicating 
lack of fit means the amount the predictive models miss the observation, which is the 
difference between the actual and predicted value for all designed points[120,121]. 
Table 14 shows the average values of tree samples of PB based on the density test 
results. The F-value for this initial quadratic model is 76.67, indicating the significance 
of this model, and there is only a 0.01% chance that the F-value this large could occur 
due to noise.  
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The 95% confidence interval (CI) is used to determine the significance of terms, and 
as a previous discussion, the model terms with P＜0.05 are significant. In this case of 
the density, the significance of these quadratic model terms can be ascertained, 
specifically 𝑋1, 𝑋2, 𝑋3, 𝑋4 and 𝑋3
2 are significant, indicating the model and these 
terms have a vital influence on the density of PB, while insignificant terms 
(including 𝑋1𝑋2 , 𝑋1𝑋3 , 𝑋1𝑋4 , 𝑋2𝑋3 ,  𝑋3𝑋4 , 𝑋1
2 , 𝑋2
2 and 𝑋4
2 ) indicate that the 
influence of these terms and interactions is not remarkable or even negligible.  
To achieve the predicted function, the insignificant terms are removed from the 
initial model and the criterion of simplification is set to be Adj.R2 of model≥0.85. 
The reduced quadratic model with an F-value of 193.46 and P-value＜0.0001, 
implying the significance of this modified model. Accordingly, 𝑅2 (0.9876), 
𝐴𝑑𝑗. 𝑅2 (0.9825), 𝑃𝑟𝑒. 𝑅2 (0.9673) and 𝐴𝑑𝑒𝑞. 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(42.249) from the ANOVA 
table is listed in  
Table 15, which is greater than 0.85, namely reliable. 𝐴𝑑𝑗. 𝑅2 is A measure of the 
amount of variation around the mean explained by the model, adjusted for the 
number of terms in the model. The 𝐴𝑑𝑗. 𝑅2 decreases as the number of terms in the 
model increase if those additional terms don’t add value to the model. 𝑃𝑟𝑒. 𝑅2 is A 
measure of the amount of variation in new data explained by the model. 
𝐴𝑑𝑒𝑞. 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 measures the signal to noise ratio, when the ratio greater than 4 is 
desirable. Consequently, this model can be used to guide the design space. 
The prediction modified equation in terms of actual factors is obtained at the end of 
the analysis, as Equation (4-1) presented:  
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 2941.273 − 1308.693𝑋1 + 2.301𝑋2 − 64.969𝑋3 − 33.543𝑋4 +
36.318𝑋1𝑋3 + 1.155𝑋3𝑋4 + 1.001𝑋3
2                                (4-1) 
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Table 14 ANOVA for response surface of density based on the quadratic model. 
Source 
Sum of 
Squares 
Degree of Freedom (Df) 
Mean 
Square 
F-Value P-value  
Block 1480.14 2 740.07   
Model 3.908E+005 14 27917.57 76.67 < 0.0001 
X1: w/c 64436.23 1 64436.23 176.96 < 0.0001 
X2: HL (%) 794.49 1 794.49 2.18 0.1704 
X3: WPF-C (%) 2.718E+005 1 2.72+005 746.54 < 0.0001 
X4: WPF-A (%) 45508.91 1 45508.91 124.98 < 0.0001 
X1X2 352.95 1 352.95 0.97 0.3481 
X1X3 741.93 1 741.93 2.04 0.1839 
X1X4 443.43 1 443.43 1.22 0.2956 
X2X3 201.75 1 201.75 0.55 0.4738 
X2X4 4.95 1 4.95 0.014 0.9095 
X3 X4 918.63 1 918.63 2.52 0.1433 
X12 192.74 1 192.74 0.53 0.4836 
X22 0.067 1 0.067 1.85E-004 0.9894 
X32 4611.87 1 4611.87 12.67 0.0052 
X42 1.71 1 1.71 4.69-003 0.9468 
Residual 3641.35 10 364.13   
Cor Total 3.960E+005 26    
 
Table 15 Reduced Quadratic Model fitting results for the RSM analysis of density.  
Response 𝑅2 𝐴𝑑𝑗. 𝑅2 𝑃𝑟𝑒𝑑. 𝑅2 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 SD Mean 
Density (kg/m3) 0.9876 0.9825 0.9673 42.249 16.96 1950.27 
 
Fig. 21 indicates interactions between significant variables on the destiny of PB, and 
only the significant interactive terms are illustrated. Within the defined range, it is 
clear that the increase of w/c and the amount of WPF decrease the density of PB, 
except for the HL ratio. According to the results from Khedari et al.[122] , the density 
of concrete by introducing flexible fibre (such as cellulose fibre or natural fibre) 
achieved a slight reduction due to the generation of more void in concrete. A similar 
tendency is achieved in this study, and the density of concrete by introducing 
cellulose fibre decreases as Fig. 22 (3-dimensional response surface plot of density 
with corresponding variables) shows. Fig. 22 illustrates the relationship between the 
response (density of PB) and independent variables. On the one hand, Fig. 22 (a) 
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indicates the influence of HL on density is more significant with a low w/c ratio than 
that of HL on density with a high w/c ratio. Furthermore, the influence of HL on 
density is negligible when the w/c ratio is low. The interactions between HL and WPF 
is limited, which probably indicates the improvement of the interface between WPF 
and aggregates in the concrete is limited and there are no remarkable interactions 
between HL and WPF. 
  
a) Interactive effects of w/c and WPF-C on softening coefficient (HL is 5% and WPF-A is 3.5%) 
  
b) Interactive effects of WPF-A and WPF-C on softening coefficient (w/c is 0.48 and HL is 5%) 
Fig. 21 Interaction effects of significant variables on the density of PB. 
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(a) Relationship between w/c, HL (%), and 
density (WPF-C=7.5% and WPF-A=3.5%) 
(b) Relationship between w/c, WPF-C (%), 
and density (WPF-A=3.5% and HL=5%) 
  
(c) Relationship between w/c, WPF-A (%), and 
density (WPF-C=7.5% and HL=5%) 
(d) Relationship between HL (%), WPF-C (%), 
and density (w/c=0.48 and WPF-A=3.5%) 
  
(e) Relationship between HL, WPF-A (%), and 
density (w/c=0.48 and WPF-C=7.5%) 
(f) Relationship between WPF-C (%), WPF-A 
(%) and density (w/c=0.48 and HL=5%) 
Fig. 22 The interaction of each independent variable for density. 
 
4.1.2 Response surface results of water absorption 
According to the water absorption tests conducted previously, water absorption 
values of PB are listed in Table 16 in the form of RSM design. The maximum of water 
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absorption is 20.16%, with 0.48 of w/c, 5% of HL, 15% of WPF-C and 3.5% of WPF-A. 
The minimum of water absorption is 5.17%, when the factors (w/c, HL, WPF-C and 
WPF-A) is 0.48, 5%, 0% and 3.5%, respectively. 
Table 16 Results of water absorption in the experimental design matrix.  
 Run of 
Experiment 
𝑋1: 
w/c 
𝑋2 
HL, % 
𝑋3: WPF-
C, % 
𝑋4: WPF-
A, % 
Water 
Absorption, % 
Block-
1 
1 0.43 2.5 3.75 5.25 11.31 
2 0.53 7.5 3.75 5.25 12.00 
3 0.43 2.5 11.25 1.75 13.62 
4 0.53 2.5 3.75 1.75 9.39 
5 0.48 5 7.5 3.5 14.26 
6 0.53 7.5 11.25 1.75 16.83 
7 0.53 2.5 11.25 5.25 18.67 
8 0.43 7.5 3.75 1.75 6.18 
9 0.43 7.5 11.25 5.25 15.74 
Blcok-
2 
10 0.43 2.5 3.75 1.75 6.68 
11 0.43 2.5 11.25 5.25 15.95 
12 0.48 5 7.5 3.5 13.93 
13 0.53 7.5 11.25 5.25 17.82 
14 0.53 2.5 3.75 5.25 13.47 
15 0.43 7.5 11.25 1.75 12.37 
16 0.53 2.5 11.25 1.75 17.07 
17 0.43 7.5 3.75 5.25 7.35 
18 0.53 7.5 3.75 1.75 8.73 
Blcok-
3 
19 0.48 5 7.5 7 15.95 
20 0.48 5 15 3.5 20.16 
21 0.48 5 7.5 3.5 14.60 
22 0.58 5 7.5 3.5 16.16 
23 0.48 10 7.5 3.5 13.32 
24 0.48 5 7.5 0 10.58 
25 0.38 5 7.5 3.5 9.75 
26 0.48 0 7.5 3.5 15.15 
27 0.48 5 0 3.5 5.17 
 
Similarly, to access the effect of each independent variable and interactive terms on 
water absorption based on P-value, the significant terms of water absorption are 
determined as Table 17 shows. Table 17 indicates the significant terms include the 
model function, 𝑋1 , 𝑋2 , 𝑋3 , 𝑋4 , 𝑋1
2 , 𝑋3
2  and 𝑋4
2 , while based on the same 
consideration, X1X2 , X1X3 , X1X4  and X2
2  are insignificant, thus to ensure 
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𝐴𝑑𝑗. 𝑅2 of each term≥0.85, the reduced quadratic model is obtained as Equation 
(4-2) : 
Water Absorption = −49.611 + 180.776X1 − 0.223X2 + 1.441X3 +
2.099X4 + 0.027X2X3 − 0.055X2X4 − 0.046X3X4 − 155.663X1
2 −
0.0328X3
2 − 0.102X4
2  
(4-2) 
Table 17 ANOVA for response surface of water absorption based on the quadratic model. 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F-Value P-value  
Block 3.16 2 1.58   
Model 407.32 14 29.09 69.92 < 0.0001 
X1: w/c 58.93 1 58.93 141.63 < 0.0001 
X2: HL (%) 6.82 1 6.82 16.39 0.0023 
X3: WPF-C (%) 286.60 1 286.60 688.80 < 0.0001 
X4: WPF-A (%) 43.12 1 43.12 103.64 < 0.0001 
X1X2 0.46 1 0.46 1.10 0.3195 
X1X3 0.028 1 0.028 0.066 0.8021 
X1X4 0.15 1 0.15 0.37 0.5580 
X2X3 1.02 1 1.02 2.45 0.1484 
X2X4 0.92 1 0.92 2.21 0.1678 
X3 X4 1.47 1 1.47 3.53 0.0897 
X12 3.83 1 3.83 9.21 0.0126 
X22 0.23 1 0.23 0.56 0.4726 
X32 5.25 1 5.25 12.62 0.0052 
X42 2.56 1 2.56 6.16 0.0324 
Residual 4.16 10 0.42   
Cor Total 414.65 26    
 
Table 18 shows the fitting indexes, and the Pred.R2 of 0.9497 is in reasonable 
agreement with the Adj.R2 of 0.979, where the difference is less than 0.2. These 
indexes indicate the reduced quadratic model is reliable. Additionally, 
𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛  of 33.325 indicates an adequate signal, within the range of 
satisfaction. 
Table 18 Model fitting results for the RSM analysis of water absorption.  
Response 𝑅2 𝐴𝑑𝑗. 𝑅2 𝑃𝑟𝑒𝑑. 𝑅2 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 SD Mean 
Density 0.9878 0.979 0.9497 33.325 0.6 13.04 
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Fig. 23 shows the interactions of significant terms on the water absorption of PB. In 
Fig. 23 a) water absorption decreases gradually at 0.48 of w/c and 3.5% of WPF-A 
when WPF-C is in the high level of replacement ratio, while water absorption 
decreases remarkably with low replacement ratio level of WPF-C. Diagram b) in Fig. 
23 shows there is the positive effect of decreasing WPF-A on water absorption when 
WPF-A decreases from 5.25% to 1.75% at 0.48 of w/c and 7.5% of WPF-C. Diagram c) 
in Fig. 23 indicates the synergistic effect of WPF-A and WPF-C on water absorption of 
PB, and the 2-dimensional contour in Diagram c) demonstrates the change of the 
gradient of water absorption is inapparent. 
As Fig. 24 shown, the 3-D response surface plots illustrate the relationship between 
each variable, including w/c, HL (%), WPF-A (%), WPF-C (%) and water absorption. Fig. 
24 (a)-(f) shows the change of response (water absorption) is influenced by the 
relationship of each factor, the range of factors is w/c (0.38-0.58), HL ratio (0-10%), 
WPF-C ratio (0-15%) and WPF-A ratio (0-7%), respectively, with other parameters at 
a central point for each correlation group (particularly HL ratio of 3.5% for each 
group). Furthermore, as a comparison of Fig. 29 (a)-(f), the increase of WPF-C, WPF-
A and w/c increase the water absorption capability of PB. Compared to WPF-A and 
w/c, WPF-C makes a more significant contribution to water absorption. Specifically, 
the increase of water absorption caused by w/c is due to the void content expansion 
generated in concrete, while the increase of water absorption caused by WPF-C and 
WPF-A is owing to the high water absorption capability of WPF. In addition, the 
positive effect of HL on water absorption is remarkable when w/c is high. It is possible 
to due to the improvement of interface with other materials and decrease the voids 
in concrete. Moreover, the effect of WPF-C is most significant. 
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a) Interactive effects of HL and WPF-C on water absorption (w/c is 0.48 and WPF-A is 3.5%) 
  
b) Interactive effects of HL and WPF-A on water absorption (w/c is 0.48 and WPF-C is 7.5%) 
  
c) Interactive effects of WPF-C and WPF-A on water absorption (w/c is 0.48 and HL is 5%) 
Fig. 23 Interaction effects of significant variables on water absorption. 
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a) Relationship between w/c, HL (%), and 
water absorption (WPF-C=7.5% and WPF-
A=3.5%) 
b) Relationship between w/c, WPF-C (%), and 
water absorption (WPF-A=3.5% and HL=5%) 
 
 
b) Relationship between w/c, WPF-A (%), 
and water absorption (WPF-C=7.5% and 
HL=5%) 
b) Relationship between w/c, WPF-C (%), and 
water absorption (WPF-A=3.5% and HL=5%) 
  
b) Relationship between w/c, WPF-C (%), 
and water absorption (WPF-A=3.5% and 
HL=5%) 
b) Relationship between w/c, WPF-C (%), and 
water absorption (WPF-A=3.5% and HL=5%) 
Fig. 24 The interaction of each independent variable for absorption. 
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4.1.3 Response surface results of 7-day and 28-day compressive strength 
Fig. 25 shows the failure specimens after the compressive strength test. The main 
crack occurs near the middle web of PB, which means the fracture first appears in the 
middle and then affect the surrounding area where several minor cracks observed at 
other positions. 
 
Fig. 25 Typically tested papercrete sample under compression. 
 
Table 19 shows the results of the 7-day and 28-day compressive strength of PB with 
corresponding proportion factors and levels. In the range of design space, the 
maximum of 7-day compressive strength is 6.46 MPa when w/c, HL (%), WPF-C (%) 
and WPF-A is 0.48, 5%, 0% and 3.5%, respectively. The minimum compressive 
strength at 28 days is 2.01 MPa with 0.48 of w/c, 5% of HL (%), 15% of WPF-C (%) and 
3.5% of WPF-A (%). The maximum compressive strength at 28 days is 8.07 MPa with 
0.48 of w/c, 5% of HL, 0% of WPF-C and 3.5% of WPF-A. The minimum compressive 
strength at 28 days is 2.95 MPa with 0.48 of w/c, 5% of HL, 15% of WPF-C and 3.5% 
of WPF-A. 
Chapter 4   Experimental Results and Discussion 
56 
 
Table 19 Results of compressive strength in the experimental design matrix. 
 Run of 
Experiment 
𝑋1: 
w/c 
𝑋2 
HL, % 
𝑋3: 
WPF-
C, % 
𝑋4: 
WPF-
A, % 
7-day 
compressive 
strength, 
MPa 
28-day 
compressive 
strength, 
MPa 
Block-1 
1 0.43 2.5 3.75 5.25 4.92 6.21 
2 0.53 7.5 3.75 5.25 4.66 5.92 
3 0.43 2.5 11.25 1.75 3.86 5.51 
4 0.53 2.5 3.75 1.75 4.92 6.35 
5 0.48 5 7.5 3.5 4.11 5.5 
6 0.53 7.5 11.25 1.75 2.95 4.07 
7 0.53 2.5 11.25 5.25 2.11 3.05 
8 0.43 7.5 3.75 1.75 5.92 7.71 
9 0.43 7.5 11.25 5.25 3.32 4.83 
Blcok-2 
10 0.43 2.5 3.75 1.75 5.37 7.05 
11 0.43 2.5 11.25 5.25 3.15 4.51 
12 0.48 5 7.5 3.5 4.00 5.38 
13 0.53 7.5 11.25 5.25 2.32 3.31 
14 0.53 2.5 3.75 5.25 4.19 5.53 
15 0.43 7.5 11.25 1.75 4.08 5.81 
16 0.53 2.5 11.25 1.75 2.65 3.81 
17 0.43 7.5 3.75 5.25 5.14 6.84 
18 0.53 7.5 3.75 1.75 5.00 6.67 
Blcok-3 
19 0.48 5 7.5 7 2.97 4.01 
20 0.48 5 15 3.5 2.01 2.95 
21 0.48 5 7.5 3.5 3.90 5.3 
22 0.58 5 7.5 3.5 3.08 4.22 
23 0.48 10 7.5 3.5 4.05 5.56 
24 0.48 5 7.5 0 4.51 6.25 
25 0.38 5 7.5 3.5 4.52 6.28 
26 0.48 0 7.5 3.5 3.56 5.01 
27 0.48 5 0 3.5 6.46 8.07 
 
Table 20 and Table 21 show the summarized results of ANOVA for the responses of 
7-day and 28-day compressive strength. The F-value of the 7-day and 28-day 
compressive model is 117.59 and 85.07, respectively. According to similar reasons as 
mentioned before, for both 7-day and 28-day compressive strength, the insignificant 
terms include 𝑋1𝑋2 , 𝑋1𝑋4 , 𝑋2𝑋3 , 𝑋2𝑋4 , 𝑋3𝑋4 , 𝑋1
2 , 𝑋2
2  and 𝑋4
2  which can be 
removed, while the significant terms are 𝑋1, 𝑋2, 𝑋3, 𝑋4, 𝑋1𝑋3 and 𝑋3
2.  
Based on the settings of 𝐴𝑑𝑗. 𝑅2＞0.15, in consequence, the reduced quadratic 
model is obtained as Equation (4-3) and (4-4), the F-value of the modified models of 
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7-day and 28-day compressive strength is 354.36 and 263.24, respectively. These two 
reduced quadratic models are significant. 
Table 22 and Table 23 show the rationality of the obtained models. For 7-day 
compressive strength, the 𝐴𝑑𝑗. 𝑅2 of 0.9712 is in reasonable agreement with the 
𝑃𝑟𝑒𝑑. 𝑅2of 0.9888, since the difference between these two indexes is less than 0.2. 
Moreover, a desirable value of 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 (58.228) indicates an adequate 
signal, which means the model is predictable for the design space. For 28-day 
compressive strength, the 𝐴𝑑𝑗. 𝑅2 of 0.9595 is in reasonable agreement with the 
𝑃𝑟𝑒𝑑. 𝑅2 of 0.9850. 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 achieves a desirable value, 49.418＞4. 
𝑃7(7_𝑑𝑎𝑦 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 8.523 − 3.69𝑋1 + 0.054𝑋2 −
0.093𝑋3 − 0.191𝑋4 − 0.6𝑋1𝑋3 + 0.007𝑋3
2  
(4-3)  
 
𝑃28(28_𝑑𝑎𝑦 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 10.342 − 3.867𝑋1 + 0.071𝑋2 +
0.116𝑋3 − 0.268𝑋4 − 1.027𝑋1𝑋3 + 0.005𝑋3
2  
(4-4) 
Table 20 ANOVA for response surface of 7-day compressive strength based on the quadratic 
model. 
Source Sum of square Df Mean Square F-value P-value 
Block 0.165 2 0.082   
Model 32.860 14 2.347 117.59 ＜0.0001 
X1: w/c 4.025 1 4.025 201.65 ＜0.0001 
X2: HL (%) 0.432 1 0.432 21.63 0.000907 
X3: WPF-C (%) 25.179 1 25.179 1261.44 ＜0.0001 
X4: WPF-A (%) 2.672 1 2.672 133.85 ＜0.0001 
X1X2 0.001 1 0.001 0.05 0.835381 
X1X3 0.203 1 0.203 10.15 0.009721 
𝑋1𝑋4 0.013 1 0.013 0.64 0.44289 
X2X3 0.011 1 0.011 0.56 0.47066 
X2X4 0.000 1 0.000 0.02 0.879626 
X3X4 0.007 1 0.007 0.35 0.569543 
𝑋1
2 0.017 1 0.017 0.84 0.380104 
𝑋2
2 0.015 1 0.015 0.74 0.40911 
𝑋3
2 0.142 1 0.142 7.11 0.023653 
𝑋4
2 0.039 1 0.039 1.96 0.191324 
Residual 0.200 10 0.020   
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Cor Total 33.224 26    
 
Table 21 ANOVA for response surface of 28-day compressive strength based on the quadratic 
model. 
Source  
Sum of 
Squares 
Df Mean Square F Value P-value 
Block 0.14 2 0.07   
Model 46.69 14 3.34 85.07 ＜0.0001 
X1: w/c 8.03 1 8.03 204.77 ＜0.0001 
X2: HL (%) 0.75 1 0.75 19.11 0.0014 
X3: WPF-C (%) 31.79 1 31.79 810.83 ＜0.0001 
X4: WPF-A (%) 5.28 1 5.28 134.76 ＜0.0001 
X1X2 0.03 1 0.03 0.74 0.4107 
X1X3 0.59 1 0.59 15.12 0.0030 
𝑋1𝑋4 0.02 1 0.02 0.57 0.4662 
X2X3 0.05 1 0.05 1.18 0.3030 
X2X4 0.00 1 0.00 0.01 0.9411 
X3X4 0.00 1 0.00 0.08 0.7868 
𝑋1
2 0.00 1 0.00 0.05 0.8202 
𝑋2
2 0.00 1 0.00 0.00 0.9773 
𝑋3
2 0.06 1 0.06 1.65 0.2284 
𝑋4
2 0.03 1 0.03 0.87 0.3727 
Residual 0.39 10 0.04   
Cor Total 47.23 26    
 
Table 22 Reduced Quadratic Model fitting results for the RSM analysis of 7-day compressive 
strength. 
Response 𝑅2 𝐴𝑑𝑗. 𝑅2 𝑃𝑟𝑒𝑑. 𝑅2 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 SD Mean 
Density 0.9916 0.9888 0.9712 58.228 0.12 3.99 
 
Table 23 Reduced Quadratic Model fitting results for the RSM analysis of 28-day compressive 
strength. 
Response 𝑅2 𝐴𝑑𝑗. 𝑅2 𝑃𝑟𝑒𝑑. 𝑅2 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 SD Mean 
Density 0.9887 0.9850 0.9595 49.418 0.17 5.4 
 
Fig. 26 and Fig. 27 indicates the interactions between significant variables on the 7-
day and 28-day compressive strength of PB, and only the most significant interactive 
terms are illustrated. Within the defined range, it is clear that the increase of w/c and 
the amount of WPF decrease the strength of PB. Fig. 28 and Fig. 29 shows the 3-D 
response surface plots of 7-day and 28-day compressive strength, the tendency of 
plot at 7 days and 28 day is consistent, thus the 28-day compressive strength is 
analysed. 
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As Fig. 29 shows, the 3-D response surface plots illustrate the interaction between 
each variable (w/c, HL WPF-A and WPF-C ratio) on 28-day compressive strength.  
Fig. 29 (a)-(c) shows the interaction of w/c (0.38-0.58) and HL ratio (0-10%), the 
interaction of w/c (0.38-0.58) and WPF-C ratio (0-15%) and the interaction of 
w/c(0.38-0.58) and WPF-A ratio (0-7%), respectively, with other parameters at 
central point for each correlation group (particularly HL ratio of 3.5% for each group). 
The reduction of compressive strength increases while increasing WPF-A and w/c. 
Especially, the decreasing tendency of compressive strength slows down with a 
decrease of WPF-C. The influence of WPF-C on compressive strength is significant, 
with a high w/c ratio. The reduction of w/c ratio results in the reduction of cement 
content and the increase of cavity in concrete. Therefore, the w/c ratio has a 
significant influence on compressive strength, as observed from the figure. 
Furthermore, as a comparison of Fig. 29 (a)-(c), the effect of HL is inconspicuous, it is 
possible due to the improvement of interface with other materials. Moreover, the 
effect of WPF-C is most remarkable, and cohesion of WPF is limited compared with 
conventional cementitious material is a major reason for the decrease of compressive 
strength. Fig. 29 (d)-(e) shows the interaction of HL ratio (0-10%) and WPF-C (0-15%), 
and the interaction of HL ratio (0-10%) and WPF-A (0-7%), respectively. It is explained 
the alkaline environment generated by HL can relieve the degradation of compressive 
strength caused by adding WPF due to the improvement of surface properties of WPF, 
which is like the alkaline treatment on fibre. Booya et al.[60] achieve the reduction 
of 28.9% by using Kraft pulp fibres to replace 2% weight of cement, and indicates 
compressive strength adding the Kraft pulp fibres with chemical treatment can be 
improved due to generation of fibrils. 
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Fig. 29 (f) shows the interaction of w/c (0.38-0.58) and WPF-A ratio (0-10%) with 
other parameters at central point (WPF-C ratio of 7.5% and WPF-A of 3.5%). The 
cement and aggregates are replaced by WPF can lead to the rapid decrease of the 
compressive strength. The effect of WPF-A and WPF-C ratio on compressive strength 
is equally significant.  
  
a) Interactive effects of w/c and WPF-C on 
water absorption (HL is 5 and WPF-A is 3.5%) 
b) Contour of the relationship between w/c, 
WPF-C and 7-day compressive strength 
Fig. 26 Interaction effects of change of independent variables on 7-day compressive strength. 
 
  
a) Interactive effects of w/c and WPF-C on 
water absorption (HL is 5 and WPF-A is 3.5%) 
b) Contour of the relationship between w/c, 
WPF-C and 28-day compressive strength 
Fig. 27 The tendency of 28-day compressive strength with the change of independent variables. 
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a) Relationship between w/c, HL (%), and 7-
day compressive strength (WPF-C=7.5% and 
WPF-A=3.5%) 
b) Relationship between w/c, WPF-C (%), and 
7-day compressive strength (WPF-A=3.5% 
and HL=5%) 
  
(c) Relationship between w/c, WPF-A (%), 
and 7-day compressive strength (WPF-
C=7.5% and HL=5%) 
(d) Relationship between HL (%), WPF-C (%), 
and 7-day compressive strength (w/c=0.48 
and WPF-A=3.5%) 
  
(e) Relationship between HL, WPF-A (%), and 
7-day compressive strength (w/c=0.48 and 
WPF-C=7.5%) 
(f) Relationship between WPF-C (%), WPF-A 
(%) and 7-day compressive strength 
(w/c=0.48 and HL=5%) 
Fig. 28 The interaction of each independent variable for 7-day compressive strength. 
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a) Relationship between w/c, HL (%), and 
28-day compressive strength (WPF-C=7.5% 
and WPF-A=3.5%) 
b) Relationship between w/c, WPF-C (%), and 
28-day compressive strength (WPF-A=3.5% and 
HL=5%) 
  
(c) Relationship between w/c, WPF-A (%), 
and 7-day compressive strength (WPF-
C=7.5% and HL=5%) 
(d) Relationship between HL (%), WPF-C (%), 
and 7-day compressive strength (w/c=0.48 and 
WPF-A=3.5%) 
 
 
(e) Relationship between HL, WPF-A (%), 
and 28-day compressive strength (w/c=0.48 
and WPF-C=7.5%) 
(f) Relationship between WPF-C (%), WPF-A (%) 
and 28-day compressive strength (w/c=0.48 
and HL=5%) 
Fig. 29 The interaction of each independent variable for 28-day compressive strength. 
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4.1.4 Response surface results of Compressive Softening Coefficient 
All results of the softening coefficient of PB based on GB T4111 test are listed in Table 
24. 0.687 of the softening coefficient is achieved at 0.48 of w/c, 5% of HL, 15% of 
WPF-C and 3.5% of WPF-A, indicating the maximum reduction of compressive 
strength, while 0.902 of the softening coefficient is presented at 0.48 of w/c, 5% of 
HL 0% of WPF-C and 3.5% of WPF-A, indicating the minimum reduction of 
compressive strength. 
The softening coefficient of compressive strength is a parameter to access the 
performance of concrete blocks treated by water immersion, which is not included in 
ASTM standards for CMU, but high-water absorption of WPF influences the 
properties of concrete blocks possibly. The compressive softening coefficient 
indicates water-resistance of the materials in the case of the water change in 
intensity.  
Table 25 shows the summaries of the ANOVA for the response of the water-
resistance properties of PB. The significance of each term is shown based on F-value 
similarly, thus the terms of X1X2, X1X4, X2X3 and 𝑋2
2 are not significant, and the 
Reduced Quadratic model is achieved in Equation (4-5). 
Table 24 Results of the softening coefficient in the experimental design matrix. 
 Run of 
Experiment 
X1: 
w/c 
X2: 
HL, % 
X3: WPF-
C, % 
X4: WPF-
A, % 
Softening 
coefficient 
Block-
1 
1 0.43 2.5 3.75 5.25 0.83 
2 0.53 7.5 3.75 5.25 0.81 
3 0.43 2.5 11.25 1.75 0.78 
4 0.53 2.5 3.75 1.75 0.87 
5 0.48 5 7.5 3.5 0.77 
6 0.53 7.5 11.25 1.75 0.74 
7 0.53 2.5 11.25 5.25 0.70 
8 0.43 7.5 3.75 1.75 0.88 
9 0.43 7.5 11.25 5.25 0.74 
Blcok-
2 
10 0.43 2.5 3.75 1.75 0.87 
11 0.43 2.5 11.25 5.25 0.74 
12 0.48 5 7.5 3.5 0.78 
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13 0.53 7.5 11.25 5.25 0.72 
14 0.53 2.5 3.75 5.25 0.80 
15 0.43 7.5 11.25 1.75 0.78 
16 0.53 2.5 11.25 1.75 0.74 
17 0.43 7.5 3.75 5.25 0.85 
18 0.53 7.5 3.75 1.75 0.86 
Blcok-
3 
19 0.48 5 7.5 7 0.76 
20 0.48 5 15 3.5 0.69 
21 0.48 5 7.5 3.5 0.78 
22 0.58 5 7.5 3.5 0.75 
23 0.48 10 7.5 3.5 0.79 
24 0.48 5 7.5 0 0.84 
25 0.38 5 7.5 3.5 0.83 
26 0.48 0 7.5 3.5 0.76 
27 0.48 5 0 3.5 0.90 
 
Table 25 ANOVA for response surface quadratic model of the compressive softening coefficient. 
Source Sum of square Df Mean square F value p-value 
Block 0.000 2 0.000   
Model 0.085 14 0.006 71.77 ＜0.0001 
X1: w/c 0.006 1 0.006 75.59 ＜0.0001 
X2: HL (%) 0.000 1 0.000 4.65 0.056408 
X3: WPF-C (%) 0.065 1 0.065 776.25 ＜0.0001 
X4: WPF-A (%) 0.011 1 0.011 125.09 ＜0.0001 
X1X2 0.000 1 0.000 0.13 0.730668 
X1X3 0.000 1 0.000 2.58 0.13919 
𝑋1𝑋4 0.000 1 0.000 0.62 0.447991 
X2X3 0.000 1 0.000 0.21 0.653303 
X2X4 0.000 1 0.000 2.08 0.179508 
X3X4 0.000 1 0.000 1.93 0.195021 
𝑋1
2 0.000 1 0.000 4.29 0.065263 
𝑋2
2 0.000 1 0.000 0.00 0.995921 
𝑋3
2 0.001 1 0.001 6.95 0.024895 
𝑋4
2 0.001 1 0.001 9.08 0.013038 
Residual 0.001 10 0.000   
Cor Total 0.086 26    
 
According to the results of the ANOVA of the modified model listed in Table 26, the 
F-value of the Reduced Quadratic model is 128.18, 𝑅2, 𝐴𝑑𝑗. 𝑅2 and 𝑃𝑟𝑒. 𝑅2 are 
0.989, 0.982 and 0.95, respectively, which indicates the model is reliable. 
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Softening Coefficient = 1.451 − 1.7597𝑋1 − 0.001𝑋2 − 0.0118𝑋3 −
0.0331𝑋4 − 0.0197𝑋1𝑋3 + 0.0008𝑋2𝑋4 + 0.0005𝑋3𝑋4 + 1.6472𝑋1
2 +
0.0004𝑋3
2 + 0.002𝑋4
2  
(4-5) 
Table 26 Reduced Quadratic Model fitting results for the RSM analysis of softening coefficient. 
Response R2 Adj.R2 Pred.R2 SD Mean 
Density 0.9892 0.9815 0.95 0.081 0.79 
 
Fig. 30 shows the interactive effects of variables on changes in softening coefficient 
values, indicating to be either collaborative effects or antagonistic effects. In Fig. 
30,plot b) illustrates the interactions between HL and WPF-A at 0.48 of w/c and 7.5% 
of WPF-C, which demonstrates at the low level of replacement ratio of WPF-A (1.75%) 
softening coefficient is almost constant and increases slightly with the increase of HL 
replacement ratio, while at the relatively high level of replacement ratio of WPF-A 
(5.25%), softening coefficient increases with the increase of HL replacement ratio. 
Furthermore, diagram a) and c) illustrate the interactive effects of w/c and WPF-C, 
and the interactive effects of WPF-A and WPF-C. There is no remarkable changes of 
interactions. 
Fig. 31 a) illustrates the relationship between w/c, WPF-C, and softening coefficient 
values. This plot shows the maximum value of the softening coefficient is 0.902 when 
w/c is 0.48 and WPF-C is 0%. It is clear that both the increase of WPF-C and w/c has 
negative effects on the softening coefficient. Additionally, the simultaneous effects 
of w/c and WPF-C are not remarkable. WPF-C is a dominant factor in weakening the 
water-resistance of PB compared to the effect of w/c. 
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a) interactive effects of w/c and WPF-C on softening coefficient (HL is 5% and WPF-A is 3.5%) 
 
 
b) interactive effects of HL and WPF-A on softening coefficient (w/c is 0.48 and WPF-C is 7.5%) 
  
c) interactive effects of WPF-A and WPF-C on softening coefficient (w/c is 0.48 and HL is 5%) 
Fig. 30 Interaction effects of variables on compressive softening coefficient. 
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(a) Relationship between w/c, HL, and 
softening coefficient values (WPF-A=3.5% 
and WPF-C=7.5%) 
(b) Relationship between w/c, WPF-C, and 
softening coefficient values (WPF-A=3.5% and 
HL=5%) 
 
 
(c) Relationship between w/c, WPF-A, and 
softening coefficient values (HL=5% and 
WPF-C=7.5%) 
(d) Relationship between w/c, WPF-C, and 
softening coefficient values (WPF-A=3.5% and 
HL=5%) 
 
 
(e) Relationship between WPF-A, HL, and 
softening coefficient values (WPF-C=7.5% 
and w/c=0.48) 
(f) Relationship between HL, WPF-A, and 
softening coefficient values (w/c=0.48 and 
WPF-C=7.5%) 
Fig. 31 The interaction of each independent variables for softening coefficient. 
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4.1.5 Response surface results of Thermal performance 
The thermal conductivity values of each PB in the design space are listed in Table 27. 
The maximum thermal conductivity is 1.33 W/m·K at 0.48 of w/c, 5% of HL, 0% of 
WPF-C and 3.5% of WPF-A, while the minimum thermal conductivity is 0.59 W/m·K 
at 0.48 of w/c, 5% of HL, 15% of WPF-C and 3.5% of WPF-A. 
Table 28 shows the ANOVA results of thermal conductivities, the significance of major 
factors and interactive terms are determined and presented as F-value and P-value 
shows. Identical with the previous method, terms with P-value＜0.05 are considered 
to be non-negligible. Thereby, the reduced quadratic model is re-calculated with 
𝐴𝑑𝑗. 𝑅2＞0.15 , therefore, terms which make a great influence on the thermal 
conductivities include X1 , X2 , X3 , X4 , X2X3 , X2X4 , X3X4 , 𝑋1
2 , 𝑋3
2  and 𝑋4
2 
while other terms are removed from the predictive model. The new predictive model 
is presented in Equation (4-6).  
Thermal Conductivity = 4.626 − 11.023𝑋1 + 0.01𝑋2 − 0.078𝑋3 −
0.126𝑋4 − 0.002𝑋2𝑋3 + 0.003𝑋2𝑋4 + 0.003𝑋3𝑋4 + 9.833𝑋1
2 +
0.002𝑋3
2 + 0.006𝑋4
2  
(4-6) 
Table 27 Results of thermal conductivity of PB in the design space of RSM. 
 Run of 
Experiment 
X1: 
w/c 
X2: 
HL, % 
X3: WPF-
C, % 
X4: WPF-
A, % 
Thermal conductivity 
(W/m·K) 
Block
-1 
1 0.43 2.5 3.75 5.25 1.09 
2 0.53 7.5 3.75 5.25 1.01 
3 0.43 2.5 11.25 1.75 0.89 
4 0.53 2.5 3.75 1.75 1.16 
5 0.48 5 7.5 3.5 0.85 
6 0.53 7.5 11.25 1.75 0.75 
7 0.53 2.5 11.25 5.25 0.62 
8 0.43 7.5 3.75 1.75 1.3 
9 0.43 7.5 11.25 5.25 0.77 
Blcok
-2 
10 0.43 2.5 3.75 1.75 1.28 
11 0.43 2.5 11.25 5.25 0.79 
12 0.48 5 7.5 3.5 0.87 
13 0.53 7.5 11.25 5.25 0.68 
14 0.53 2.5 3.75 5.25 0.89 
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15 0.43 7.5 11.25 1.75 0.9 
16 0.53 2.5 11.25 1.75 0.75 
17 0.43 7.5 3.75 5.25 1.22 
18 0.53 7.5 3.75 1.75 1.18 
Blcok
-3 
19 0.48 5 7.5 7 0.76 
20 0.48 5 15 3.5 0.59 
21 0.48 5 7.5 3.5 0.88 
22 0.58 5 7.5 3.5 0.78 
23 0.48 10 7.5 3.5 0.94 
24 0.48 5 7.5 0 1.11 
25 0.38 5 7.5 3.5 1.13 
26 0.48 0 7.5 3.5 0.8 
27 0.48 5 0 3.5 1.33 
 
Table 28 ANOVA for response surface quadratic model of thermal conductivity. 
Source 
Sum of 
Squares 
DF 
Mean 
Square 
F-Value P-value  
Block 3.200E-003 2 1.600E-003   
Model 1.18 14 0.084 85.78 < 0.0001 
X1: w/c 0.15 1 0.15 153.36 < 0.0001 
X2: HL (%) 0.016 1 0.016 16.33 0.0024 
X3: WPF-C (%) 0.83 1 0.83 845.01 < 0.0001 
X4: WPF-A (%) 0.14 1 0.14 143.82 < 0.0001 
X1X2 2.250E-004 1 2.250E-004 0.23 0.6423 
X1X3 6.250E-004 1 6.250E-004 0.64 0.4433 
X1X4 1.225E-003 1 1.225E-003 1.25 0.2899 
X2X3 3.600E-003 1 3.600E-003 3.67 0.0844 
X2X4 3.600E-003 1 3.600E-003 3.67 0.0844 
X3 X4 4.900E-003 1 4.900E-003 5.00 0.0494 
X12 0.015 1 0.015 14.99 0.0031 
X22 5.333E-004 1 5.333E-004 0.54 0.4778 
X32 0.016 1 0.016 16.45 0.0023 
X42 9.633E-003 1 9.633E-003 9.82 0.0106 
Residual 9.808E-003 10 9.808E-004   
Cor Total 1.19 26    
 
According to the results of the ANOVA of the modified model listed in Table 29, the 
F-value of the Reduced Quadratic model is 85.78, 𝑅2 , 𝐴𝑑𝑗. 𝑅2  and 𝑃𝑟𝑒. 𝑅2  are 
0.9895, 0.9821 and 0.9585, respectively, which indicates the model is reliable. 
Table 29 Reduced Quadratic Model fitting results for the RSM analysis of thermal conductivity. 
Response 𝑅2 𝐴𝑑𝑗. 𝑅2 𝑃𝑟𝑒𝑑. 𝑅2 𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 SD Mean 
Density 0.9895 0.9821 0.9585 35.971 0.03 0.94 
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Fig. 32 illustrates the interactive relationship of major factors, only involving 
significant terms based on ANOVA on the thermal conductivities of PB. Fig. 32 a) 
indicates the growth rate of thermal conductivity to HL (%) increases when the WPF-
C decreases from 11.25% to 3.75% at 0.48 of w/c and 3.5% of WPF-A. The quantities 
of WPF-C have a negative influence on the thermal conductivity when the HL ratio 
increases at 0.48 of w/c and 3.5% of WPF-A. Diagram b) illustrates the increased rate 
of thermal conductivity decreases when WPF-A decreases, which demonstrates WPF-
A is a dominant effect on the thermal conductivity compared to HL (%). Diagram c) 
shows there is a slight change in the decrease rate of thermal conductivity with a 
decrease of WPF-C. The influence of WPF-A and WPF-C is both considerable. 
Fig. 33 shows the 3-D diagrams of the relationship between 4 factors and the 
response (thermal conductivity). Overall the thermal conductivity reduces from 1.33 
to 0.59 W/m·K, which indicates the performance of thermal insulation increases. It 
is clear that WPF-A and WPF-C enhance the performance of thermal insulation. This 
is an attribute to the positive effect of WPF with low thermal conductivity. 
Additionally, the thermal conductivity decreases with the increase of w/c. It is 
possible more void generated by the increase of w/c in concrete results in the 
decrease of thermal conductivity. Similar results were achieved in the study of Kim. 
et al. [123]. However, HL presents a slightly negative influence on the performance 
of thermal insulation. The thermal conductivity increases with increasing HL, and the 
interface around WPF is improved, which the void reduces in the concrete, resulting 
in an increase of thermal conductivity. 
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a) Interactive effects of HL (%) and WPF-C (%) on thermal conductivity (w/c is 0.48 and WPF-A 
is 3.5%) 
 
 
b) Interactive effects of HL (%) and WPF-A (%) on thermal conductivity (w/c is 0.48 and WPF-C 
is 7.5%) 
 
 
c) Interactive effects of WPF-A (%) and WPF-C (%) on thermal conductivity (w/c is 0.48 and HL 
is 5%) 
Fig. 32 Interaction effects of variables on thermal conductivity (symbol of C in the plots 
represents WPF-C, symbol of D represents WPF-A). 
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(a) Relationship between w/c, HL, and 
softening coefficient values (WPF-A=3.5% 
and WPF-C=7.5%) 
(b) Relationship between w/c, WPF-C, and 
softening coefficient values (WPF-A=3.5% and 
HL=5%) 
  
(c) Relationship between w/c, WPF-A, and 
softening coefficient values (HL=5% and 
WPF-C=7.5%) 
(d) Relationship between w/c, WPF-C, and 
softening coefficient values (WPF-A=3.5% and 
HL=5%) 
  
(e) Relationship between WPF-A, HL, and 
softening coefficient values (WPF-C=7.5% 
and w/c=0.48) 
(f) Relationship between HL, WPF-A, and 
softening coefficient values (w/c=0.48 and 
WPF-C=7.5%) 
Fig. 33 3-D response surface of relationship between each independent variable for thermal 
conductivity. 
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4.1.5 Correlation discussion 
The ultrasonic pulse velocity (UPV) of the PB in full dried condition was tested at 28 
days. The frequency was set to be 54 kHz and 100 Hz, according to ASTM C597-
16[124]. Typically, compressive strength has a positive correlation with ultrasonic 
velocity, and UPV value is an indicator of the compactness for the concrete, which is 
affected by mesostructure or microstructure, such as crack or void. According to the 
results of the strength and ultrasonic test, Fig. 34 shows the relationship between 
compressive strength and velocity. There is a positive linear relationship achieved 
with R2=0.97. Additionally, it is observed that the PB shows a comparatively low UPV 
value when the content of WPF is high, which demonstrates the results of the water 
absorption test. 
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Fig. 34 The relationship between compressive strength and ultrasonic velocity of PB. 
 
4.2 Validation and multi-objective optimization 
A multiple optimized mix design was achieve considering density, water absorption 
and compressive strength. The experiment of predictive optimization was conducted 
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to validate the accuracy of the models. Table 30 shows the criteria of the variables 
with an upper and lower limit and the range considers the ASTM C129[86] to satisfy 
the strength requirement of non-loadbearing concrete, 4.14 MPa at least. The 
optimized proportion was performed by using Design Expert Software 10, and the 
results were given in Table 31. 
A new mixture proportion of the PB was prepared to validate the optimized results 
from model prediction. The same experiment containing three samples was 
conducted. The results were listed in Table 31 and compared with the predictive 
results of models. The error calculated by absolute derivation was given, which 
acceptable indicating accordance, for compressive strength errors is larger than 5% 
slightly. 
Table 32 shows the results of ANOVA for each parameter. The R2 of the prediction 
model is 0.9141, considered in reasonable agreement with the Adj R2, where is 
𝐴𝑑𝑒𝑞. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 is a signal-to-noise ratio, implying the model discrimination based 
on the ratio of predicted values range at design points and the average error (the 
model is adequate when the ratio is greater than 4).  
Table 30 Criteria settings for multi-objective optimization. 
Variables and responses Target Lower limit Upper limit 
w/c ratio in range 0.38 0.58 
HL ratio (%) in range 0 10 
WPF-C ratio (%) in range 0 15 
WPF-A ratio (%) in range 0 7 
Density (kg/m3) minimum 1758.45 2204.85 
Absorption (%) minimum 5.17 20.54 
28-day compressive strength (MPa) maximum 4.5 9 
 
Table 31 Optimized proportion and response validation with prediction models of PB. 
w/c HL WPF-C WPF-A Parameters 
Experimental 
results 
Predicated 
value 
Error 
(%) 
0.38 10 11.77 / 
ρ 1967.18 2006.4 2 
Absorption 8.43 8.03 2.7 
P28 6.26 7.14 14.1 
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Table 32 ANOVA validation for comparison of initial models and modified models. 
Response Models R2 Adj.R2 Pre.R2 SD 
Adeq.P
rec. 
Mean 
Density 
Quadrautic 0.9908 0.9778 0.9267 28.5 28.5 1950.2 
Modified 
model 
0.9908 0.9815 0.9376 17.4 33.21 1950.2 
Absorption Quadrautic 0.9899 0.9757 0.9141 0.65 27.45 13.04 
P28  
Quadrautic 0.9917 0.9800 0.9296 0.2 30.57 5.4 
Modified 
model 
0.9916 0.9833 0.9387 0.18 35.51 5.4 
 
4.3 Scanning electron microscope (SEM) 
Fig. 35 shows the scan images of papercrete samples with and without HL at 28 days. 
It was clear that hydraulic products were formed surrounding the WPF for both 
experimental serials. From Fig. 35 a), there was an indication of separation between 
the WPF and the cement matrix observed. The distribution of hydraulic products was 
nonuniform. Nevertheless, for the samples with a high ratio of lime, as Fig. 35 a) 
illustrated, the gaps between the cement matrix and WPF became narrow, which 
indicates the bound between the cement matrix and WPF is improved slightly 
compared with the PB without HL. The hydraulic products were distributed uniformly 
on the surface of WPF. The improved bonding condition between cement and WPF 
results in the improvement of the strength of PB. Further, Fig. 36 shows that 
hydration products disperse uniformly on the surface of WPF for papercrete with HL. 
There was no ettringite observed between the cement matrix and WPF. These results 
can be explained by Mohr et al.[105], ettringite was formed around kraft pulp fibre 
only after two wet/dry cycles. 
Fig. 37 shows the scanned image of papercrete samples with an increment of the 
WPF ratio. It can be observed that there are remarkable voids in the PB with a high 
WPF ratio at 28 days. High water absorption of WPF results in voids and crack formed 
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around the interface zone with water loss. Moreover, in the case of a high ratio of 
WPF replacement, the gap between WPF and cement reduces by introducing HL, 
which demonstrates the effect of HL on the improvement of the interface is limited 
as a comparison between Fig. 37 a) and b).  
  
a) PB samples without HL, serial 26 b) PB samples with 10% HL, serial 23 
Fig. 35 SEM images of PB with 7.5% of WPF-C and 3.5% of WPF-A (experiment serial 26 and 23) 
at×500. 
 
  
a) Interface in PB with 10% HL, serial 23 b) Voids and cracks in PB, serial 23 
Fig. 36 The interface zone between WPF and cement matrix of PB sample at×2000. 
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a) Papercrete with 7.5 % of WPF-C, serial 20 b) Papercrete with 15% of WPF-C, serial 21 
Fig. 37 SEM images of PB without 5% of HL (mixture with 7.5% of WPF-C and 15% of WPF-C, 
respectively, namely experiment serial 20 and 21) at×500. 
 
4.4 Summary  
In this section, the results of the experiment were analysed based ANOVA, the 
influence of proportion variables on density, water absorption, compressive strength 
at 7 and 28 days, softening coefficient of compressive strength and thermal 
performance was investigated, the significance of major factors and interactive terms 
were clarified as well, accordingly, the predictive models of were established and 
validated based on the multi-objective optimized proportion of ingredients, an 
appropriate mixing proportion was achieved according to the requirement of ASTM. 
Additionally, SEM was used to investigate the mesostructure of papercrete with the 
change of proportion of ingredient. The influence of HL on the cohesion between 
WPF and cement was observed. Overall, the experimental results demonstrated that 
the introduction of WPF in the concrete decrease the strength significantly for 
cement and aggregates replacement schemes. The 3-D plots indicated that there was 
a slightly positive influence of HL on the strength and durability of PB.
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Chapter 5 Life cycle assessment of papercrete 
5.1 Introduction 
Although the utilization of WPF in constructional materials is considered to be an 
environmentally friendly treatment due to the recovery of the resources in most 
pertinent literature[55,125,126], there is no quantification or specific analysis on the 
possible environmental benefits for WPF utilization in civil engineering materials. To 
assess the feasibility of WPF utilization in terms of environmental impact, an 
expanded production system was established in this section to analyses the overall 
environmental impact of PB production as well as WPF disposal by means of the life 
cycle assessment (LCA) method. Four scenarios of concrete block production systems 
with different WPF disposal (incineration, landfill, and recycling) were performed to 
investigate whether the use of WPF in concrete achieved a higher environmental 
credit than conventional production and treatment. Moreover, the sensitivity 
analysis was performed to study the effect of part input flow, the influence of mixing 
proportion change on the environmental impact was investigated by the comparison 
of three mixing proportion schemes, as well as transportation distance considered.  
5.2 Methodology 
LCA used in this study is a method to evaluates, by calculating the inputs and outputs, 
the potential environmental impact of certain processes or products in terms of 
specific lifecycles, qualitatively and quantitatively. Typically, a completed LCA method 
for a given product involves various processes in the production system, i.e., from 
raw material extraction to usage on site, either to final disposal or recycling (the 
definition system of LCA is summarized as from ‘cradle to grave’, ‘cradle to use’ or 
‘cradle to cradle’). All environmental impacts are related to material, energy flows 
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and pollutant emissions to air and water. The LCA method is used effectively to 
compare different production plans. According to ISO 14040[127], ISO 14044[128] 
and ILCD handbook guidelines[129], LCA flowchart as shown in Fig. 38, the 
procedures of LCA are summarized to be four stages: 1) definition of the scope and 
objectives; 2) life cycle inventory (LCI) analysis; 3) life cycle impact assessment (LCIA) 
and 4) interpretation of results. In this section, the same steps were compiled to 
expound on the production of a PB. 
 
Fig. 38 Schematic diagram and objectives of the LCA method. 
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5.2.1 The goal and scope definition 
Goal: The main objective of this LCA study was to investigate the environmental 
benefit of PB production compared to conventional concrete, demonstrate the 
reasonability of WPF used in concrete for environmental concerns, as well as identify 
the environmental impact contributions of each step in the production chain. Based 
on the LCA results, the possible suggestions for the technological process can be 
elucidated to improve the environmental performance of concrete block production 
combining with WPF disposal. Additionally, the LCA study aiming to obtain a cleaner 
manufacturing project was expected to provide supportive information for 
developers or policymakers to make an appropriate decision in terms of concrete 
production and waste paper management. 
Scope definition: Two main parts of the scope definition of LCA should be clarified, 
the functional unit of production and system boundary.  
Functional Unit (FU): It is important to select an appropriate functional unit for 
assessing the production system and comparing different production schemes. A 
volume or weight-based functional unit was adopted in earlier research relating to 
LCA of construction materials[130–132]. Damineli et al.[133] point out the inaccuracy 
of volume or weight-based functional unit since in most application cases the major 
function of concrete is physical or mechanical properties. Therefore, not only 
considering a constant volume or weight for the functional unit, the performance-
based functional unit was proposed, a unit of functional performance including 
strength or durability such as compressive strength is widely considered to be 
appropriate and adopted in many articles[134–137]. The functional unit adopted in 
this study was 1 m3 of concrete block for simplified calculation, which is comparable 
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to select one hollow CMU with the same dimension as a functional unit[138], since a 
CMU unit with the same configuration has the same apparent volume. Additionally, 
CUM is typically used for a non-loadbearing wall or partition wall with a specific 
cubage in practice, owing to the decreased density of PB caused by utilization of WPF, 
the volume or the amount of CMU is more appropriate. Crucially the prepared hollow 
CMU with 200 ×200 ×400 mm of dimensions (namely 8×8×16-inch blocks), meet the 
performance requirement of ASTM C140-14[87], especially with the similar strength. 
The mix proportion and physical properties for normal concrete and papercrete are 
listed in Table 33 and  
Table 34, respectively. Physical properties were tested according to previous 
experimental results, and the mix proportion factors of papercrete where w/c, NHL, 
WPF-C and WPF-A is 0.48, 15%, 2% and 2%, respectively, complied the previous 
experimental design method to maintain a comparable 28-day compressive strength 
to the conventional concrete block.  
Table 33 Materials and mix proportion for 1 m3 normal concrete and papercrete. 
CMU 
Raw Materials (kg/m3) 
Cement NHL Sand Gravel WPF 
Tap 
water 
Superplastici-
zer 
Conventional 354.17 / 626.77 1238.57 / 170 17.71 
Papercrete 293.96 53.13 614.23 1213.8 15.2 199.37 17.71 
 
Table 34 Major properties of normal concrete block and PB. 
CMU 
Density Absorption 
28-day Compressive 
Strength 
Thermal 
Conductivity 
kg/m3 % MPa W/m·K 
Conventional 2385.21 3.47 8.87 1.82 
Papercrete 2103.38 3.97 8.51 1.36 
 
Chapter 5   Life cycle assessment of papercrete 
82 
 
System boundary: To reach the target of investigation on the reasonability of using 
WPF as an alternative in concrete based on the LCA, not only the environmental 
impact caused by CMU production, also the potential benefits from avoided WPF 
disposal should be considered. Aiming to produce one functional unit defined 
previously, the production system started from all raw materials including upstream 
production to the finished product transported to the construction site. It is 
important that WPF is regarded as a raw material in a PB production system while 
WPF is discarded and treated in a conventional CMU production system.  
Ideally, an integrated life cycle of a product, from cradle to grave. However, this 
research only considers the phases starting from raw materials to the use on-site as 
above described, the phases of installation, use, maintenance, demolishment and 
disposal were excluded. Several reasons were considered to limit this system 
boundary for evaluation: a) The raw materials production was reported to have the 
most environmental impact contribution for building blocks[139]. b) The 
configuration and properties of the blocks for PB and conventional CMU were 
identical. Meanwhile, there was no reliable and practicable data for PB installation, 
use and disposal. Therefore, it is assumed that the follow-up processes (after 
installation) will not differ significantly, the consumption and emissions were 
approximately equivalent. 
Overall, the completed production system for manufacturing 1 m3 CMU included two 
sections in this study, CMU production and WPF disposal, namely accounting for the 
cradle to construction site prepared for installation, as well as the expanded 
boundary caused by WPF disposal. Fig. 39 illustrated the profile of PB production 
combining WPF disposal, the avoided conventional disposal of WPF in the highlighted 
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after waste sorting processes. The raw materials production, transportation, WPF 
disposal and CMU production phases were marked. There were four scenarios 
established according to the different treatments for WPF. The differences of 
scenarios in Table 35 listed were described as following: scenario-1 to 3 contained 
the conventional CMU production, particularly, scenario-1 involved the incineration 
of WPF; scenario-2 involved landfill of WPF; scenario-3 involved the manufacture of 
recycled paper by using WPF; scenario-4 was a completed papercrete production 
procedure. 
 
Fig. 39 System boundaries of PB production combining waste paper disposal (cradle to the site). 
 
Table 35 The description of various scenarios for concrete block production coming with WPF 
disposal. 
Scenario name Description Differences 
Scenario-1 
Conventional concrete block with 
the incineration of WPF. 
WPF is treated by incineration to 
generate electricity or heating. 
Scenario-2 
Conventional concrete block with 
the landfill of WPF 
WPF is treated with Municipal Waste 
for landfill. 
Scenario-3 
Conventional concrete block 
combing with the treatment of 
WPF for recycled paper 
WPF is collected and processing for 
re-pulp, including all production 
processes. 
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Scenario-4 PB production processes 
NHL and WPF are used to replace the 
15% and 2% of cement by volume, 
totally 2% of aggregate in volume is 
replaced by WPF. Only involving WPF 
collection and sorting. 
 
5.2.2 Life cycle inventory analysis 
The LCI aims to It is required to clarify the allocation of the inputs and outputs, 
including mass flow in and out of the processes, specific substance of emissions and 
types of energy consumptions, during the LCI stage. Typically, a production system 
consisting of complex unit processes involved numerous input and output of mass 
and energy flow, thus some specialized software was used to allocate and establish 
the LCI and LCA model for auxiliary calculation, such as GaBi, SimaPro, TEAM and et. 
al[140]. In this study, openLCA 1.9, a user-friendly LCA software developed in 
Germany, was selected to calculate, evaluate, and interpret the established 
production system based on the LCI allocation. 
The specific source and representative geographical code quoted of inventory data 
were listed in Table 36, which were reliable data sources. Raw materials production: 
the inventory data for all ingredients including Portland cement (CEMⅠ), NHL, sand, 
gravel, superplasticizer and tap water, along with other consumed materials such as 
fuel and energy, were obtained from Ecoinvent v3.6. Manufacture of CMUs: For 
conventional CMUs, the data of the concrete block production process from 
Ecoinvent database v3.6, involved the all processes of normal concrete block 
manufacture, including formation in a mould, air-dry and package. The transports 
and infrastructure during this process were included as well. However, the LCI of PB 
mixing and production, which is not available in existing literature or database, was 
established based on ingredients. As previously described and experimental results, 
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a comparable inventory of normal concrete mixing (25-30 MPa) and CUMs 
production was selected from the Ecoinvent database with relevance to the RoW 
geographical context, where entire manufacturing procedures (material treatment 
and mixing), energy, fuel and relevant infrastructure were involved. Meanwhile, 
papercrete production and PB production were under overall considered, which 
means the transportation between papercrete production and block manufacture 
was ignored. The activities of this production started from reception of raw 
ingredients at the concrete batching plant gate, the end of activities was ready-
prepared products at the construction site before the delivery. Disposal of WPF: The 
different treatment of WPF was adopted in four scenarios, thus the inventory data of 
treatment was used from the database, only considering the newspaper. In scenario-
1 and 2, WPF was treated as a part of municipal waste, where after sorted and 
transported for incineration or landfill. In scenario-3, after a set of pre-treatments 
WPF was used to produce the new newsprint. In scenario-4, WPF as a raw material 
of concrete was collected, sorted, and transported to the concrete mixing factory. 
Transportation: The internal transportation of each activity has been included in raw 
materials production phases. The defined transportation phases only involved the 
carriage between different stages, with various modes of transportation such as lorry, 
rail and et.al, as well as the default transport distance of regional statistical data. The 
calculation of the amount of transport in 𝑡𝑜𝑛 · 𝑘𝑚 required for an average 1 kg of 
specific product by a given type of shipping is as following shown[141]: 
𝑇𝑟𝑝 =
𝑚𝑠𝑡𝑚𝑑𝑠𝑡𝑚𝑊𝑊𝑀
𝑚𝑡𝑜𝑡
                                                (5-1) 
where 𝑚𝑠𝑡𝑚  is the amount of the reference product transported by the specific 
mode of transportation in one year in the world; 𝑑𝑠𝑡𝑚  is the required transport 
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distance for total reference product; 𝑊𝑊𝑀 is the wet mass of reference product; 
𝑚𝑡𝑜𝑡  is the total yield of the reference product globally. 
Table 36 Data source and region of LCI for major unit processes in the system. 
Processes Geographical code 
Raw material production  
-Portland Cement[142–144] 
RoW -Gravel and Sand[142,145] 
-NHL[142,146] 
-Superplasticizer[147] GLO and RoW 
  
Concrete mixing plant[148,149]  
-Mixing 
RoW 
-CMU production 
-concrete mixing factory GLO 
  
Transportation[141]  
-transport model as the market 
GLO 
-Transport by truck 
  
Disposal  
-waste paper for incineration[150] 
Row 
-waste paper for landfill[151] 
-waste paper for recycling[152–154] 
-WPF production[155] 
RoW and GLO is the rest of the world and global data, where GLO is the average data for all 
countries globally, while RoW (Rest-of -the-World) is the GLO-based data and adjusted with 
considering the uncertainty. 
 
5.2.3 Life Cycle Impact Assessment 
To interpret the life cycle inventories based on these numerous impact data and 
types, LCIA was preformed to classify categories of environmental impact to specific 
indicators based on quantitative data of LCI, to explain the influence on the 
environment or human. The main steps of LCIA comprised characterization, 
normalization and weighting, specifically in the characterization stage the impact 
categories or indicators were calculated by multiplying the characterization factors 
relying on the contribution of each burden[156]. In the normalization and weighting 
stages, the midpoint indicators were further classified into the limited endpoint 
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according to the reference value (e.g. the average CO2 emissions globally in the year 
2002), this processes aimed to evaluate the extent of contribution caused by the 
investigated system compared to the reference value within a specific time and 
area[157,158].   
Accordingly, two types of indicators, midpoint, and endpoint method, were classified 
based on issue-orientation or damage-orientation. Midpoint indicators were more 
specific and directly related to LCI while endpoint indicators were more subjective 
with higher uncertainty, thus midpoint was appropriate to evaluate the specific 
contribution of burden and endpoint was applicable for production 
comparison[134,159]. As ISO 14040[127], ISO 14044[128] required, both two 
methods were recommended to use for enough interpretation and reasonable 
discussion.  
Several assessment methods derived from these two approaches were available, 
such as CML 2001, Eco-indicator 99, ReCiPe, ILCD (Internal Reference Life Cycle Data 
System) and TRACI[129] as presented in Table 37, which is summarized according to 
the LCIA manual[129], especially the diagram of ReCiPe adopted by using openLCA 
and Ecoinvent 3.6[160] in this study was illustrated in Fig. 40, presenting the 
pathways of impact category calculation in midpoint and endpoint. 
Table 37 Methodologies used for LCA[129]. 
Methodology Inventor 
Approach 
Midpoint Endpoint 
CML CML  √ 
Eco-indictor PRé  √ 
EDIP97 –EDIP DTU √  
EPS IVL  √ 
Impact EPFL √ √ 
LIME AIST √ √ 
LUCAS CIRAIG √  
ReCiPe RUN + PRé + CML +RIVM √ √ 
Swiss Ecoscarcity E2+ ESU-services √  
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TRACI US EPA √  
MEEuP VhK √  
 
ReCiPe method integrated with the Ecoinvent v3.6 database contains the midpoint 
approach and the endpoint approach. There are three major perspectives for 
environmental assessment, H (Hierarchist), E (Egalitatain) and I (Individualist), 
resulting in a difference in the characterization, normalization and weighting 
factors[161]. Several representative indexes of LCA in the ReCiPe midpoint method 
are adopted to support the product decision by means of summarized assessment. 
Totally 18 different environmental impact categories are evaluated: agricultural land 
occupation ( 𝐴𝐿𝑂𝑃, 𝑚2𝑎 ), climate change ( 𝐺𝑊𝑃, 𝑘𝑔, 𝐶𝑂2 𝑒𝑞 ), fossil depletion 
( 𝐹𝐷𝑃, 𝑘𝑔, 𝑜𝑖𝑙 𝑒𝑞 ), freshwater ecotoxicity ( 𝐹𝐸𝑇𝑃, 𝑘𝑔, 1,4_DCB 𝑒𝑞 ), freshwater 
eutrophication ( 𝐹𝐸𝑃, 𝑘𝑔, 𝑃 𝑒𝑞 ), human toxicity ( 𝐻𝑇𝑃, 𝑘𝑔, 1,4_DCB 𝑒𝑞 ), ionizing 
radiation ( 𝑅𝑃_𝐻𝐸, 𝑘𝑔, 𝑈235 𝑒𝑞 ), marine ecotoxicity ( 𝑀𝐸𝑇𝑃, 𝑘𝑔, 1,4_𝐷𝐶𝐵 𝑒𝑞 ), 
marine eutrophication (𝑀𝐸𝑃, 𝑘𝑔, 𝑁 𝑒𝑞), metal depletion (𝑀𝐷𝑃, 𝑘𝑔, 𝐹𝑒 𝑒𝑞), natural 
land transformation (𝑁𝐿𝑇𝑃, 𝑚2), ozone depletion (𝑂𝐷𝑃, 𝑘𝑔, 𝐶𝐹𝐶_11 𝑒𝑞), particulate 
matter formation ( 𝑃𝑀𝐹𝑃, 𝑘𝑔, 𝑃𝑀10 𝑒𝑞 ), photochemical oxidant formation 
(𝑃𝑂𝐹𝑃, 𝑘𝑔, 𝑁𝑀𝑉𝑂𝐶 𝑒𝑞 ), terrestrial acidification (𝑇𝐴𝑃100, 𝑘𝑔, 𝑆𝑂2 𝑒𝑞 ), terrestrial 
ecotoxicity (𝑇𝐸𝑇𝑃, 𝑘𝑔, 1,4_DCB 𝑒𝑞), urban land occupation (𝑈𝐿𝑂𝑃, 𝑚2𝑎) and water 
depletion (𝑊𝐷𝑃, 𝑚3). Further, the after characterization, ReCiPe endpoint provides 
the normalization and weighting standards to convert the characterized impact 
indicators to be three specified categories for comparison. Table 38 show the 
different weighting method of ReCiPe, where in this study ReCiPe (H/A) method was 
adopted[162]. 
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Fig. 40 The diagram of ReCiPe methodology involving midpoint and endpoint impact categories. 
 
Table 38 Weighting factors of the ReCiPe method for normalization procedure. 
ReCiPe method Weighting value 
ReCiPe (H/A) Eco = 400; Hum = 400; Res = 200 
ReCiPe (H/H) Eco = 400; Hum = 300; Res = 300 
ReCiPe (H/E) Eco = 500; Hum = 300; Res = 200 
 
5.3 Results and discussion 
The major objectives of the LCIA are to expound the environmental impact of each 
technological process in the defined production system, by means of the comparisons 
between PB production and conventional concrete block production with system 
expansion of WPF disposal. The sensitivity analysis based on the mix proportion and 
transport distance was investigated to ascertain the changes caused by investigated 
factors.  
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5.5.1 Midpoint results analysis of different scenarios  
Table 39 summarizes the characterized impact of four concrete block production 
scenarios by means of the Recipe Midpoint (H) method to investigate the 
environmental benefit of the given functional unit. Overall compared to the 
conventional concrete with the incineration of WPF, there is no remarkable 
improvement of PB production in terms of the life cycle perspective. Most impact 
indicators of scenario-3 achieve a favourable level, indicating paper recycling is still 
the most appropriate treatment, which is demonstrated by several studies[158,163]. 
GWP100, MDP, NLTP, ODP, POFP, TETP, and WDP of scenario-1 achieved a slight 
reduction compared to the other three scenarios. The main reasons causing the 
decrease of environmental indicators include: The consumption of natural aggregate 
is reduced slightly. Particularly, there is a significant increase of ALOP for scenario-4, 
compared to the minimum ALOP obtained in scenario-3 (expanded system of 
recycling paper production), increasing fourfold. The increase of land occupation is 
reasonable, considering the upstream of WPF production, a set of factories are 
required to be constructed, such as sorting and fibre production plant.  
Although compared to scenario-3, there is no remarkable improvement on 
environmental impact for the utilization of WPF in CMUs, even increasing the part 
environmental impact, the midpoint indicators of scenario-4 presented comparable 
results to scenario-1 (incineration scheme), and better than scenario-2, where except 
for the increase of ALOP, GWP100, HTP, MEP, MDP, NLTP, ODP, POFP, TETP and WDP 
decreased by 4.8%, 7.3%, 6.3%, 7.8%, 9.2%, 11.1%, 24.2%, 7.4% and 1.6%, 
respectively. 
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The partly reduction of carbon dioxide emissions is due to the utilization of NHL 
replacing cement content, as discussed in the literature review section, compared 
with the production of cement, energy consumption and carbon dioxide emissions 
during the production of NHL is saved. Table 40 shows the comparison results of LCA 
between cement production and NHL production of 1 kg unit. The benefit of using 
NHL replacing Portland cement is demonstrated by this comparison.  
Table 39 Recipe Midpoint (H) characterized impacts calculated for all scenarios, referred to as a 
functional unit of 1 m3 of concrete block.  
Impact 
Indicators 
Unit 
PB 
Production 
Conventional Concrete Production 
Scenario-4 Scenario-1 Scenario-2 Scenario-3 
ALOP m2a 95.800  44.622  17.927  50.611  
GWP100 kg CO2-Eq 471.346  477.629  472.401  494.903  
FDP kg oil-Eq 98.089  95.153  95.063  96.802  
FETP kg 1,4-DCB-Eq 3.839  3.599  3.516  3.772  
FEP kg P-Eq 0.134  0.113  0.119  0.122  
HTP kg 1,4-DCB-Eq 157.458  140.607  141.021  148.593  
IRP_HE kg U235-Eq 12.749  13.911  12.155  13.753  
METP kg 1,4-DCB-Eq 3.654  3.442  3.356  3.609  
MEP kg N-Eq 0.413  0.413  0.405  0.440  
MDP kg Fe-Eq 50.000  54.194  53.900  54.227  
NLTP m2 0.187  0.206  0.206  0.206  
ODP kg CFC-11-Eq 0.000  0.000  0.000  0.000  
PMFP kg PM10-Eq 0.817  0.773  0.764  0.784  
POFP kg NMVOC 0.990  1.283  1.270  1.310  
TAP100 kg SO2-Eq 1.181  1.098  1.101  1.134  
TETP kg 1,4-DCB-Eq 0.101  0.108  0.265  0.109  
ULOP m2a 9.725  9.620  9.577  9.744  
WDP m3 2.186  2.206  2.245  2.223  
 
Table 40 Comparison of the impact of the production of cement per unit (1 kg) and NHL per unit 
(1 kg) by characterization ReCiPe Midpoint (H/A). 
Impact indicators Unit Cement, Portland NHL 
ALOP m2a 0.058  0.043  
GWP100 kg CO2-Eq 0.922  0.895  
FDP kg oil-Eq 0.088  0.113  
FETP kg 1,4-DCB-Eq 0.003  0.003  
 FEP kg P-Eq 0.000  0.000  
HTP kg 1,4-DCB-Eq 0.130  0.133  
IRP_HE kg U235-Eq 0.014  0.014  
METP kg 1,4-DCB-Eq 0.003  0.003  
MEP kg N-Eq 0.001  0.001  
MDP kg Fe-Eq 0.013  0.010  
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NLTP m2 0.000  0.000  
ODP kg CFC-11-Eq 0.000  0.000  
PMFP kg PM10-Eq 0.001  0.001  
POFP kg NMVOC 0.002  0.002  
TAP100 kg SO2-Eq 0.002  0.002  
TETP kg 1,4-DCB-Eq 0.000  0.000  
ULOP m2a 0.003  0.003  
WDP m3 0.001  0.001  
 
Fig. 41 to Fig. 44 shows the contribution of each process to the environmental impact.  
Cement production makes a major contribution to most environmental impact 
except for MDP, ULOP and WDP. Compared to scenario-1-3, the contribution of 
cement production to each environmental impact decreases in scenario-4 due to the 
reduction of cement usage. Especially, IRE_He, ODP POFP of WPF production obtain 
the environmental credits, the reduction caused by waste paper sorting and 
transportation processes [142,164], the possible reasons is due to the utilization of 
methane and avoided incineration, however, these credits are inapparent in the 
whole system.  
Additionally, due to reducing the weight of concrete, the contamination caused by 
transport has a reduction (however this aspect is not remarkable and affected by 
distance and carrying capacity). The energy consumption in scenario-4 is generated 
from the manufacture of WPF (WPF collection, sorting and fabrication, etc.). However, 
the recovery of paper is a credit of positive environmental influent.  
5.5.2 Endpoint results analysis of different scenarios 
The damage categories (endpoint) are weighted and normalized from the previous 
18 different potential impacts. The production processes mentioned in the midpoint 
method are further classified into 4 sections including raw material production 
(cement, aggregate, superplasticizer, tap water, and NHL production), concrete block 
production (concrete mixing and block manufacture), transportation (transport of 
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raw materials to the concrete factory and transport of concrete block to the site of 
use) and WPF disposal (or WPF production). 
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Fig. 41 Recipe Midpoint (H) characterized impacts for different steps of scenario-1, referred to a 
functional unit of 1 m3 of PB. 
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Fig. 42 Recipe Midpoint (H) characterized impacts for different steps of scenario-2, referred to a 
functional unit of 1 m3 of PB. 
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Fig. 43 Recipe Midpoint (H) characterized impacts for different steps of scenario-3, referred to a 
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Fig. 44 Recipe Midpoint (H) characterized impacts for different steps of scenario-4, referred to a 
functional unit of 1 m3 of PB. 
 
In the case of ecosystem quality, the results of scenario-2, the incineration disposal 
of waste paper have a significant contribution to the increase of GWP, which is due 
to a large number of emissions to the air (such as CO2, CO or VOCs), especially the 
contribution of GWP caused by incineration is more than 77%. There is a direct 
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relationship between various environmental indicator (energy consumption, GWP, 
EP, and HTP) and the incineration process, avoiding incineration of municipal waste 
can release the environmental impact efficiently. Nevertheless, the difference of 
GWP between scenario-1 and scenario-3 is not conspicuous. The results indicate the 
paper recycling process has little emissions to air. Major emissions during paper 
recycling procedures are derived from transport in the paper collection process. 
Furthermore, combing with the results of the previous comparison, the main 
environmental influence paper recycling make is due to energy consumption and 
organic pollution to water.  The results of GWP100 demonstrate papercrete 
production by introducing a waste paper in mixes can reduce the greenhouse gas 
emissions efficiently even compared with conventional concrete, and major 
reduction processes are transportation and avoided appropriate incineration. 
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Fig. 45 The impact contributions of papercrete production processes based on the endpoint 
method (scenario-4). 
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5.5.3 Sensitivity analysis of mix proportion 
To access the effect of mixed proportion change on the environmental impact, since 
the environmental impact of NHL and cement is clarified previously, only WPF-C and 
WPF-A are modified. Table 41 shows the mix WPF replacement ratio in papercrete, 
the 28-day compressive strength with these mix proportion is comparable, around 8 
MPa. 
Table 41 Mix proportion for LCA comparison. 
 w/c NHL ratio WPF-C WPF-A 
control 0.48 0 0 0 
mix-1 0.48 15 2 2 
mix-2 0.48 15 4 0 
mix-3 0.48 15 0 4 
 
Fig. 46 indicates the change of environmental indicators with mixing proportions 
varying. All indicators of scenario-4 with mix-2 achieve the lowest level compared to 
other scenarios. The increase in the replacement of cement make a positive effect on 
the environment. The total point of environmental damage for Scenario-4 with mix-
1 is only comparable to scenario-2, namely the landfill disposal. However, the benefit 
of increasing WPF-C from 2% to 4% is remarkable, the energy consumption and 
emissions avoided from cement production, aggregate production and transport are 
more significant than that from the production of WPF. Additionally, the change of 
scenarios with mix-3 indicates the negative influence of WPF production is much 
larger than the benefit of avoided aggregates production. 
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Fig. 46 The environmental indicators of each scenario with corresponding mix proportion based 
on endpoint method. 
 
5.5.4 Sensitivity analysis of transport distance 
It is predictable for the influence of transport distance on the environmental impact, 
thus, in this section, only scenario-3 and scenario-4 with mix-1 are selected for 
comparison. Fig. 47 shows that a simulation of transport distances for all 
transportation activities is conducted, by fixing the distance factor. For the total 
damage environment indicator, the limiting distance lower is 5 times. It is important 
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to mention that the analysis was performed for all impact categories, however, 
terrestrial ecotoxicity one stood out over the others. 
 
Fig. 47 Sensitivity analysis for all transportation distances, in terms of total damage point. 
 
5.4 Summary 
A cradle-to-gate LCA of papercrete combing with waste paper disposal procedures 
was conducted to evaluate if using waste paper as a replacement of concrete 
ingredients. LCA results for 1 m3 of papercrete demonstrate using waste paper as a 
construction material is an environmentally friendly scheme. Compared with the 
waste paper incineration scheme, every environmental indicator improves, which 
has more than 70% reduction in greenhouse gas emissions. The most contribution is 
attributed to avoid incineration and reduction of cement use. However, in 
comparison with conventional concrete production, while waste paper recycled for 
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paper-making, the environmental indicator adopted in this study has a slight 
improvement; the difference of GWP is negligible. 
Additionally, the use of hydraulic lime was demonstrated to achieve environmental 
credit due to the reduction of energy consumption and carbon dioxide emissions 
compared to cement production. The sensitivity analysis for transport distance and 
mix proportion was conducted for investigation. The weight reduction was also a vital 
advantage of papercrete, reducing transportation consumption and emission to 
achieve environmental benefits. Meanwhile, the environmental impact indicator 
presented the replacement of cement by WPF indeed benefit from reducing 
environmental impact, while the replacement of aggregate by WPF was not 
significant. The environmental impact of WPF production was considerable to 
cement production. 
In summary, LCA results indicated the scheme of replacing cement was better than 
that of replacing aggregate with regard to environmental impact, and it was efficient 
to relieve the energy consumption and pollution to the environment for both 
concrete production and paper disposal. Papercrete production achieved 
environmental credit when the transportation distance increased. 
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Chapter 6 Conclusion and suggestion for future work 
6.1 Introduction  
This study was conducted to investigate the properties of the concrete block by 
introducing the waste paper fibre. To establish a systematic mix proportion method, 
w/c, dosage of NHL, and WPF are investigated based on RSM on the density, water 
absorption, 7-day compressive strength, 28-day compressive strength, softening 
coefficient and thermal properties to satisfy the requirement of concrete masonry 
unit in ASTM. The predictive model for all properties is established to guide the 
mixing design of the PB. ANOVA and the validation for the RSM model are carried out. 
Additionally, the SEM test and ultrasonic test are conducted to studies the 
mesoscopic structure and the compactness of the PB. 
The environmental influence of PB production is investigated by means of LCA. An 
expanded system, including concrete production and waste disposal, is created to 
study the environmental contributions of a given functional unit of 1 m3 PB.  
6.2 Conclusion 
In this study, according to the experimental results obtained, several conclusions 
were achieved as follow: 
1) The significant variables and interactions were investigated on w/c, HL ratio, WPF-
C and WPF-A in papercrete based on RSM, it is clear that the weight of PB decreases 
by 20% within an acceptable range. The reduction of compressive strength is 
significant by introducing WFP to replace the cement or aggregates. Slight increase 
of strength, water absorption, softening coefficient and SEM demonstrates that HL 
can improve the interface between cement and WPF when the relatively low ratio of 
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WPF, thus relieve the negative influence of WPF on the strength. In addition, due to 
the improvement in bonding, the density and thermal performance decrease slightly. 
Thermal conductivity decreases by 55.7% in the experimental range, which means 
thermal insulation is improved double by using WPF. 
2) Based on the RSM results, the predictive functions for designed properties were 
validated, the developed models of density, water absorption, 7-day and 28-day 
compressive strength, softening coefficient and thermal conductivity for the PB was 
achieved by using the modified quadratic model with errors of less than 14%, and an 
optimized mix proportion was achieved by maximizing compressive strength and 
minimum density and absorption, which satisfied the requirement of building blocks 
in ASTM standard.  
3) The LCA results demonstrate the feasibility of papercrete, compared to 
conventional concrete block production process with waste paper disposal. With the 
same substitution rate to cement and aggregates, the environmental influence is 
comparable to the convectional CMU production combining with a landfill of WPF. 
The utilization of HL reduces the consumption of cement so that the energy 
consumption and emissions are saved. Additionally, the increase of the substitution 
rate of cement by WPF or the decrease of the substitution rate of aggregate by WPF 
has a positive influence on the whole production system for achieving environmental 
credit, even comparable to the CMU production with WPF recycling scheme. It is vital 
that the manufacturing of WPF is not eco-friendly enough, which is just comparative 
to the landfilling. The increase of the transport distance makes the environmental 
benefit of PB production distinct due to the reduction of CMUs’ weight.  
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6.3 Recommendations for future work 
According to the studies and output previously, several suggestions for further 
research work can be conducted to improve the integrity of the papercrete study, 
which is summarized as follows: 
The studies establish the predicate model by using RSM and investigate the effect of 
w/c, NHL and WPF 
The present research focuses on the physical properties of papercrete, some physical 
or chemical properties can be conducted for the comparison of different test 
standards. For example, the resistance to carbonization or sorptivity involved in 
Chinese standards.  
The studies focus on the softening coefficient expect for meeting the requirement of 
ASTM, thus some potentially improved properties can be tested and verified in future 
work, such as acoustics properties or free-thaw tests. 
This study focuses on the LCA of papercrete involving in the “cradle to gate” of 
production. Further studies could be undertaken to investigate the integrated life 
span of PB, considering the improvement of the insulating properties.
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Appendix 
According to the requirement of CMU, the data of configuration, density, 
compressive strength, thermal conductivity, and ultrasonic velocity test for samples 
of PB are listed from Table A.1-Table A.4. 
Table A.1 Density and water absorption 
  immersed weight 
(Wi) 
saturated weight 
(Ws) 
oven-dry weight 
(Wd) 
Density 
(kg/m3) 
Absorption 
(%) 
1 
1 11.172 20.17 18.205 2023.23 10.79 
2 11.682 20.631 18.522 2069.73 11.39 
3 12.078 21.022 18.81 2103.09 11.76 
2 
1 10.902 19.776 17.54 1976.56 12.75 
2 11.027 20.002 18.1 2016.71 10.51 
3 10.644 19.844 17.605 1913.59 12.72 
3 
1 10.936 19.85 17.571 1971.17 12.97 
2 11.105 20.332 17.89 1938.88 13.65 
3 10.569 19.478 17.051 1913.91 14.23 
4 
1 10.846 20.127 18.478 2010.42 9.90 
2 10.96 19.76 17.881 2001.67 9.87 
3 11.061 19.943 18.338 2028.64 9.49 
5 
1 10.49 19.251 16.803 1922.46 14.24 
2 10.611 19.558 17.299 1956.02 15.10 
3 11.115 20.12 17.473 1943.11 14.48 
6 
1 9.876 18.71 16.027 2374.43 1.57 
2 10.306 19.214 16.368 2353.65 8.38 
3 9.73 18.153 15.602 1886.41 5.56 
7 
1 9.622 18.526 15.548 1700.50 19.53 
2 9.408 18.088 15.299 1787.85 21.09 
3 10.02 19.01 16.024 1787.35 19.88 
8 
1 11.627 20.541 19.325 2167.94 6.29 
2 11.751 20.242 19.104 2249.91 5.96 
3 10.932 19.57 18.411 2131.40 6.30 
9 
1 9.984 18.256 15.805 1690.67 14.29 
2 10.561 19.377 16.81 1686.21 13.97 
3 10.252 19.809 17.2 1753.25 13.53 
1
0 
1 12.387 21.757 20.388 1602.15 13.32 
2 11.49 19.813 18.735 1603.39 13.40 
3 11.612 20.51 19.064 1695.32 13.35 
1
1 
1 11.056 20.009 17.171 1845.03 16.48 
2 10.606 19.509 16.84 1803.02 18.50 
3 9.98 18.974 16.436 1868.16 16.23 
1
2 
1 9.231 19.133 16.741 1685.60 8.61 
2 9.306 19.402 17.024 1589.31 9.47 
3 9.208 18.505 16.3 1731.21 8.12 
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1
3 
1 9.897 18.76 16.024 1814.24 16.74 
2 8.958 17.864 15.312 1837.45 17.39 
3 10.19 19.038 15.902 1852.31 16.35 
1
4 
1 10.628 19.62 17.406 2175.88 6.71 
2 11.007 20.022 17.672 2250.99 5.75 
3 10.924 20.002 17.488 2142.50 7.58 
1
5 
1 11.585 20.611 17.947 1935.72 12.72 
2 9.749 18.298 16.353 1960.29 13.30 
3 9.943 18.703 16.948 1926.42 14.38 
1
6 
1 9.869 18.458 15.847 2014.65 9.15 
2 9.849 18.515 15.625 2020.18 11.10 
3 9.418 17.458 15.02 1995.76 11.51 
1
7 
1 11.058 20.037 18.56 1988.37 14.84 
2 11.04 19.416 18.012 1912.86 11.89 
3 10.487 19.87 18.693 1934.70 10.36 
1
8 
1 9.007 19.85 18.277 1910.66 15.51 
2 8.624 20.28 18.525 1906.76 15.27 
3 9.049 19.429 17.97 1799.73 15.17 
1
9 
1 9.874 18.48 16.061 1866.26 15.06 
2 9.075 17.288 14.724 1792.77 17.41 
3 9.789 18.5 16.037 1841.01 15.36 
2
0 
1 8.698 17.122 14.325 1746.18 19.15 
2 8.857 16.46 13.593 1762.56 18.23 
3 8.345 15.648 13.053 1782.42 18.63 
2
1 
1 11.03 20.251 17.727 1917.93 14.57 
2 11.58 20.834 18.101 1933.50 13.06 
3 10.955 19.902 17.385 1940.37 15.15 
2
2 
1 10.343 19.04 16.182 1860.64 17.66 
2 10.031 19.314 16.849 1815.04 14.63 
3 10.482 19.211 16.535 1894.26 16.18 
2
3 
1 9.018 20.075 17.715 2067.05 7.96 
2 8.935 19.855 17.509 2150.43 7.79 
3 9.189 19.16 16.904 1992.22 6.30 
2
4 
1 10.801 19.81 18.15 1917.90 16.53 
2 11.1 20.02 18.02 1891.50 15.85 
3 10.986 19.951 17.892 1827.44 15.44 
2
5 
1 11.021 20.134 18.321 1990.95 8.92 
2 10.771 19.753 17.979 2031.93 10.51 
3 10.914 19.851 18.13 2064.63 8.75 
2
6 
1 10.59 19.729 17.013 1861.58 15.96 
2 10.691 19.319 16.549 1918.06 16.74 
3 10.805 20.16 17.881 1911.38 12.75 
2
7 
1 11.748 20.07 19.76 1807.97 17.07 
2 12.569 20.673 19.074 1719.29 16.67 
3 11.433 22.966 21.756 1797.24 19.72 
 
Table A.2 7-day and 28-day compressive strength  
  Gross Area 
(m2) 
7-days 
Max.force (N) 
P7(M
Pa) 
SD (7-
day) 
28-days Max. 
force (N) 
P28 
(MPa) 
SD (28-
day) 
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1 
1 0.04023 206.03 5.12  
0.18 
252.7 6.28 
0.06 2 0.04055 193.82 4.78  250.3 6.17 
3 0.04220 204.85 4.85  261.1 6.19 
2 
1 0.04060 191.68 4.72  
0.10 
246.05 6.06 
0.11 2 0.03998 188.21 4.71  234.1 5.86 
3 0.04023 182.98 4.55  236.11 5.87 
3 
1 0.04096 160.39 3.92  
0.08 
226.56 5.53 
0.17 2 0.04034 151.69 3.76  228.9 5.67 
3 0.04023 156.73 3.90  214.4 5.33 
4 
1 0.04133 207.04 5.01  
0.11 
266.51 6.45 
0.09 2 0.04071 195.38 4.80  256.4 6.30 
3 0.04122 204.2 4.95  259.7 6.30 
5 
1 0.04147 173.54 4.18  
0.07 
229.72 5.54 
0.07 2 0.04122 169.51 4.11  227.3 5.51 
3 0.03998 161.81 4.05  215.91 5.40 
6 
1 0.04023 118.2 2.94  
0.08 
168.51 4.19 
0.10 2 0.04034 122.39 3.03  161.1 3.99 
3 0.03888 111.99 2.88  156.695 4.03 
7 
1 0.04206 93.89 2.23  
0.10 
130.04 3.09 
0.14 2 0.04060 82.72 2.04  128.71 3.17 
3 0.04158 86.12 2.07  120.45 2.90 
8 
1 0.04060 244.21 6.02  
0.12 
312.1 7.69 
0.19 2 0.04023 232.9 5.79  303.3 7.54 
3 0.04034 240.4 5.96  319.35 7.92 
9 
1 0.04023 137.73 3.42  
0.16 
201.1 5.00 
0.18 2 0.04085 139.12 3.41  198.34 4.86 
3 0.04133 129.78 3.14  191.61 4.64 
1
0 
1 0.04060 232.1 5.72  
0.41 
285.95 7.04 
0.17 2 0.04034 220.51 5.47  277.37 6.88 
3 0.04096 201.2 4.91  295.78 7.22 
1
1 
1 0.04060 120.93 2.98  
0.21 
180.51 4.45 
0.19 2 0.04023 135.88 3.38  189.8 4.72 
3 0.04071 125.69 3.09  177.51 4.36 
1
2 
1 0.04060 161.12 3.97  
0.15 
220.8 5.44 
0.14 2 0.04133 171.88 4.16  215.67 5.22 
3 0.04133 159.71 3.86  226.56 5.48 
1
3 
1 0.04071 96.51 2.37  
0.19 
129.6 3.18 
0.17 2 0.04038 85.41 2.12  131.53 3.26 
3 0.04012 99.3 2.47  140.51 3.50 
1
4 
1 0.04096 169.65 4.14  
0.10 
220.6 5.39 
0.14 2 0.04133 177.58 4.30  233.8 5.66 
3 0.03998 164.7 4.12  221.7 5.55 
1
5 
1 0.04060 168.25 4.14  
0.06 
230.1 5.67 
0.12 2 0.04147 169.44 4.09  243.6 5.87 
3 0.04096 164.8 4.02  240.7 5.88 
1
6 
1 0.04096 112.39 2.74  
0.23 
161.12 3.93 
0.13 2 0.04071 114.47 2.81  149.38 3.67 
3 0.04133 98.68 2.39  157.88 3.82 
1 1 0.03841 201.13 5.24  0.08 269.8 7.02 0.18 
Appendix 
129 
 
7 2 0.03939 200.42 5.09  262.33 6.66 
3 0.04049 206.75 5.11  276.71 6.83 
1
8 
1 0.03920 195.18 4.98  
0.10 
248.66 6.34 
0.31 2 0.04019 205.5 5.11  279.92 6.97 
3 0.04071 200.08 4.92  272.83 6.70 
1
9 
1 0.04060 125.71 3.10  
0.15 
164.77 4.06 
0.18 2 0.04060 122.53 3.02  168.83 4.16 
3 0.04133 115.69 2.80  157.51 3.81 
2
0 
1 0.04071 84.36 2.07  
0.10 
105.31 2.59 
0.31 2 0.04060 76.82 1.89  128.22 3.16 
3 0.04060 83.72 2.06  125.91 3.10 
2
1 
1 0.04133 154.36 3.74  
0.22 
234.91 5.68 
0.38 2 0.04071 169.12 4.15  208.72 5.13 
3 0.04060 154.78 3.81  201.29 4.96 
2
2 
1 0.04060 130.1 3.20  
0.11 
178.53 4.40 
0.22 2 0.04133 125.42 3.03  164.3 3.98 
3 0.04071 122.23 3.00  175.1 4.30 
2
3 
1 0.04060 159.7 3.93  
0.12 
219.66 5.41 
0.20 2 0.04060 169.34 4.17  222.7 5.49 
3 0.04133 166.83 4.04  239.17 5.79 
2
4 
1 0.04071 185.01 4.55  
0.06 
246.05 6.04 
0.28 2 0.04060 180.14 4.44  249.43 6.14 
3 0.04060 184.2 4.54  266.9 6.57 
2
5 
1 0.04133 180.06 4.36  
0.16 
248.71 6.02 
0.23 2 0.04071 190.17 4.67  262.8 6.46 
3 0.04060 183.33 4.52  258.5 6.37 
2
6 
1 0.04071 152.79 3.75  
0.21 
186.2 4.57 
0.41 2 0.04060 135.34 3.33  219.11 5.40 
3 0.04060 146.11 3.60  205.4 5.06 
2
7 
1 0.04133 277.43 6.71  
0.26 
329.7 7.98 
0.38 2 0.04060 263.09 6.48  344.9 8.50 
3 0.04060 251.64 6.20  314.68 7.75 
 
Table A.3 28-day compressive strength of PB with water immersion. 
  Gross Area (m2) 28-days Max. force (N) P28 (MPa) SD 
1 
1 0.03972 210.80 5.31 
0.15 2 0.03982 200.91 5.04 
3 0.04257 214.70 5.04 
2 
1 0.04060 199.30 4.91 
0.09 2 0.03998 189.62 4.74 
3 0.03998 191.25 4.78 
3 
1 0.04096 176.72 4.31 
0.14 2 0.04034 178.54 4.43 
3 0.04023 167.23 4.16 
4 
1 0.04133 231.33 5.60 
0.07 2 0.04071 222.56 5.47 
3 0.04122 225.42 5.47 
5 
1 0.04147 177.34 4.28 
0.06 
2 0.04122 175.48 4.26 
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3 0.03998 166.68 4.17 
6 
1 0.04049 125.36 3.10 
0.08 2 0.04060 118.89 2.93 
3 0.03862 115.64 2.99 
7 
1 0.04206 91.29 2.17 
0.10 2 0.04060 90.35 2.23 
3 0.04158 84.56 2.03 
8 
1 0.04060 273.40 6.73 
0.17 2 0.04023 265.69 6.60 
3 0.04034 279.75 6.93 
9 
1 0.04023 149.02 3.70 
0.14 2 0.04085 146.97 3.60 
3 0.04133 141.98 3.44 
10 
1 0.04060 248.78 6.13 
0.15 2 0.04034 241.31 5.98 
3 0.04096 257.33 6.28 
11 
1 0.04060 132.86 3.27 
0.14 2 0.04023 139.69 3.47 
3 0.04071 130.65 3.21 
12 
1 0.04060 172.89 4.26 
0.11 2 0.04133 168.87 4.09 
3 0.04133 177.40 4.29 
13 
1 0.04071 92.92 2.28 
0.12 2 0.04038 94.31 2.34 
3 0.04012 100.75 2.51 
14 
1 0.04096 176.04 4.30 
0.11 2 0.04133 186.57 4.51 
3 0.03998 176.92 4.43 
15 
1 0.04060 179.71 4.43 
0.09 2 0.04147 190.25 4.59 
3 0.04096 187.99 4.59 
16 
1 0.04096 119.55 2.92 
0.10 2 0.04071 110.84 2.72 
3 0.04133 117.15 2.83 
17 
1 0.03841 228.52 5.95 
0.15 2 0.03939 222.19 5.64 
3 0.04049 234.37 5.79 
18 
1 0.03920 214.84 5.48 
0.27 2 0.04019 241.85 6.02 
3 0.04071 235.73 5.79 
19 
1 0.04060 124.73 3.07 
0.14 2 0.04060 127.80 3.15 
3 0.04133 119.24 2.89 
20 
1 0.04071 72.35 1.78 
0.22 2 0.04060 88.09 2.17 
3 0.04060 86.50 2.13 
21 
1 0.04133 182.06 4.41 
0.29 2 0.04071 161.76 3.97 
3 0.04060 156.00 3.84 
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22 
1 0.04060 133.36 3.29 
0.165241 2 0.04133 122.73 2.97 
3 0.04071 130.80 3.21 
23 
1 0.04060 172.43 4.25 
0.15646 2 0.04060 174.82 4.31 
3 0.04133 187.75 4.54 
24 
1 0.04071 203.19 4.99 
0.226372 2 0.03950 209.02 5.29 
3 0.04060 220.66 5.44 
25 
1 0.04133 207.18 5.01 
0.19291 2 0.04071 218.91 5.38 
3 0.04060 215.33 5.30 
26 
1 0.03998 140.08 3.50 
0.287217 2 0.04060 165.16 4.07 
3 0.04023 156.11 3.88 
27 
1 0.04085 295.39 7.23 
0.266936 2 0.04096 310.10 7.57 
3 0.04001 281.84 7.04 
 
Table A.4 Thermal conductivity of PB at 28 days. 
  T1 T2 L 𝜆𝑇 Average 𝜆𝑇 
1 
1 20 37.10 200 1.15 
1.09 
2 21.2 36.80 203 1.03 
2 
1 18.3 34.10 204 1.00 
1.01 
2 18.5 34.10 201 1.02 
3 
1 19.6 30.05 200 0.84 
0.89 
2 20 30.05 200 0.94 
4 
1 19.5 39.16 202 1.18 
1.16 
2 20.1 39.16 201 1.14 
5 
1 21.1 28.70 200 0.85 
0.85 
2 21.2 28.70 203 0.85 
6 
1 19.8 25.32 202 0.73 
0.745 
2 19.8 25.32 202 0.76 
7 
1 20 20.93 202 0.60 
0.62 
2 20.2 20.93 202 0.64 
8 
1 18.4 43.89 200 1.33 
1.315 
2 18.7 43.89 200 1.30 
9 
1 20.3 26.00 201 0.75 
0.765 
2 20.2 26.00 197 0.78 
10 
1 21.3 43.21 205 1.25 
1.275 
2 21 43.21 201 1.30 
11 
1 19.6 26.67 203 0.80 
0.795 
2 19.6 26.67 201 0.79 
12 
1 20.3 29.37 200 0.89 
0.87 
2 20.3 29.37 201 0.85 
13 
1 20.5 22.96 200 0.68 
0.68 
2 20.9 22.96 201 0.68 
14 
1 18.7 30.05 203 0.88 
0.89 
2 18.5 30.05 201 0.90 
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15 
1 20.9 30.38 201 0.94 
0.895 
2 20.4 30.38 202 0.85 
16 
1 18.8 25.32 201 0.75 
0.745 
2 19 25.32 200 0.74 
17 
1 21.4 41.19 202 1.23 
1.215 
2 21.3 41.19 201 1.20 
18 
1 19.6 39.84 203 1.17 
1.175 
2 19.6 39.84 203 1.18 
19 
1 20.5 25.66 202 0.78 
0.755 
2 20.7 25.66 199 0.73 
20 
1 18.4 19.92 199 0.60 
0.585 
2 18.9 19.92 202 0.57 
21 
1 20.8 29.71 203 0.88 
0.875 
2 20.8 29.71 200 0.87 
22 
1 21 26.33 201 0.77 
0.78 
2 21.3 26.33 202 0.79 
23 
1 19.9 31.73 202 0.98 
0.94 
2 19.3 31.73 202 0.90 
24 
1 22.5 37.47 202 1.18 
1.11 
2 22.3 37.47 203 1.04 
25 
1 21.9 38.15 195 1.14 
1.13 
2 21.8 38.15 197 1.12 
26 
1 20.7 27.01 200 0.80 
0.75 
2 20.7 27.01 200 0.70 
27 
1 17.8 44.90 202 1.30 
1.325 
2 18 44.90 202 1.35 
 
